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Estuaries as Sources of Methylated Arsenic to 
the North Sea 
Heather Jane Kitts 
Abstract 
Analytical techniques were developed for the detection of inorganic arsenic 
(As(I I I ) and As(V)) , monomethylarsenic ( M M A ) and dimethylarsenic ( D M A ) 
in water, pore waters, suspended particles and bed sediments of the Humber 
Estuary, Thames Estuary and the southern North Sea. 
Dissolved inorganic As in the Hvunber Estuary showed removal in the 
mouth of the estuary in association with an Fe-rich outfal l . Intertidal sedi-
ments and suspended particles had elevated inorganic As concentrations in 
the vicinity of the As-rich outfall located in the low salinity zone. Particu-
late As had a distinct concentration gradient away f rom the estuary mouth, 
indicating the transport of As out of the estuary. 
The presence of M M A and DMA in the water column was attributed to 
the methylation of inorganic As by marine phytoplankton and was not de-
tected when the seawater temperatures were below about 1 0 ° C D M A con-
centrations were higher than M M A . The Himiber and the Thames Estuaries 
both had sources of inorganic As, but As methylation within the estuaries 
was not significant. M M A and D M A in the estuarine plumes and the North 
Sea showed strong seasonality, wi th concentrations below detection in win-
ter, and maximum concentrations in late simimer when the methylated As 
was 21% of the total As in the Humber and Thames Plimies. The concen-
trations of M M A and D M A in the early autumn (32% of the total dissolved 
As) were highest off the Dutch coast where the water temperatures were up 
to 18**C There were no significant correlations between the methylated As 
and inorganic As, temperature, chlorophyll a nor phosphate. A water sam-
ple f rom a developing spring bloom was incubated and showed the removal 
of inorganic As at a rate of OMfigAa/l/day, but there was no subsequent 
increase in the dissolved organic species, indicating a delay interval between 
peak primary productivity and the release of M M A and D M A . 
Inorganic As was detected in the porewaters of the Humber and Thames 
Plumes. In late summer, M M A and D M A were found at equivalent concen-
trations in all the Humber Plimie porewaters. Flux calculations indicated 
that the diiTusion of inorganic As, M M A and D M A from the sediments into 
the water column was insignificant, largely as a result of low sediment poros-
ity. However, a resuspension event caused a detectable increase in inorganic 
As at the bottom of the water column. 
The importance of this work to the development of the 3-D hydrody-
namic model of the North Sea is discussed. 
in 
Contents 
1 Introduction 2 
1.1 Arsenic as an estuarine pollutant 2 
1.2 Methylated arsenic compounds and their toxicity 3 
1.3 Arsenic in the marine environment 6 
1.3.1 Arsenic methylation in the marine environment. . . . 6 
1.3.2 Biogeochemical cycling of arsenic in estuaries 7 
1.4 Analytical approaches to arsenic analysis 8 
1.4.1 Background of hydride generation techniques 8 
1.4.2 Analyte reduction 10 
1.4.3 Arsine gas transfer 11 
1.4.4 Atomisation and detection 11 
1.4.5 Analysis of arsenic species 12 
1.4.6 Interferences 16 
1.5 The Himiber Estuary 17 
1.5.1 Background 17 
1.5.2 Physical characteristics 20 
1.5.3 Water quality of the Humber 22 
1.5.4 Arsenic in the Humber 23 
1.6 The Thames Estuary 27 
1.7 The southern North Sea and the NERC North Sea Project. . 29 
1.8 Objectives of this work 33 
2 Analytical Methods 35 
2.1 Technique development for arsenic anadysis 35 
2.1.1 Inorganic arsenic analysis 35 
2.1.2 Arsenic speciation 38 
2.2 Arsenic determination in natural samples 44 
2.2.1 Arsenic in suspended particles and sediments 44 
2.2.2 Arsenic speciation in seawater and porewaters 50 
2.2.3 Validation of the method of arsenic speciation in sea-
water 51 
2.3 Trace metal analysis of suspended particles and sediments. . . 54 
2.4 The North Sea data base : . . . . 54 
3 Arsenic in the Humber Estuary. 57 
3.1 Estuarine surveys 57 
I V 
3.1.1 Water and suspended particle sampling 57 
3.1.2 Bed sediment sampling 59 
3.2 Analytical methods 59 
3.2.1 Water samples 59 
3.2.2 Suspended particles and bed sediments 60 
3.3 Results and discussion 60 
3.3.1 Dissolved arsenic 60 
3.3.2 Suspended particles 69 
3.3.3 Intertidal sediments 75 
3.3.4 Sediment core profile, lower Humber 80 
3.3.5 Inorganic As enrichment in the three sediment types, . 85 
3.4 Summary 89 
Arsenic in the Estuarine Plumes of the Humber and Thames 93 
4.1 Survey techniques 93 
4.1.1 Survey areas and cruise tracks 95 
4.1.2 Water sampling using a CTD-Rosette system 99 
4.1.3 Water sampling using a continuously pumping system 100 
4.1.4 Water sample sites in the Humber Plume 101 
4.1.5 Water sample sites in the Thames Plume 102 
4.1.6 Sediment and porewater sampling 102 
4.1.7 Support data 102 
4.2 Results and discussion f rom the Himiber Plume 109 
4.2.1 Dissolved inorganic arsenic in the water column. . . . 109 
4.2.2 Dissolved M M A and D M A in the water column. . . . 122 
4.2.3 Suspended particles 135 
4.2.4 Dissolved arsenic in porewaters 141 
4.2.5 The fluxes of porewater arsenic 157 
4.3 Results and discussion f rom the Thames Plume 161 
4.3.1 Dissolved inorganic arsenic in the water coluxmi. . . . 161 
4.3.2 Dissolved M M A and D M A in the water column. . . . 167 
4.3.3 Suspended particles 167 
4.3.4 Arsenic in sediments and porewaters 172 
4.3.5 The fluxes of porewater arsenic 179 
4.4 Summary 179 
Arsenic in the North Sea 183 
5.1 Survey techniques 183 
5.1.1 Survey areas and cruise tracks 183 
5.1.2 Water Sampling 183 
5.2 Results and discussion f rom the North Sea 188 
5.2.1 Dissolved inorganic arsenic in the water column, . . . 188 
5.2.2 Dissolved M M A and DMA in the water column. . . . 194 
5.3 Summary .* 201 
Conclusions and Further Work 203 
6.1 The significance of estuarine inputs of arsenic to the North Sea.203 
6.2 The significance of biological processes and methylation. . . . 207 
6.3 The significance of arsenic porewater processes 210 
6.4 Conceptual modelling of arsenic in the marine environment. . 210 
6.5 Further work 211 
References 214 
Appendix A-Chemical Data &om the Environmental Sur-
veys A l 
A . l Humber Estuary Surveys A2 
A.2 North Sea Cruises A6 
A.2.1 Shakedown Cruise-May 1988 (CH28) A6 
A.2.2 Humber Plume-December 1988 (CH42) A7 
A.2.3 Thames Plume-February 1989 (CH46) A9 
A.2.4 Bloom Cruise-April 1989 (CH50) A15 
A.2.5 Survey Cruise-Sept/Oct 1989 (CH61) A16 
A.2.6 Humber Plume-May 1990 (CH65) A18 
A.2.7 Humber & Thames Plumes-July/Aug 1990 (CH69) . A26 
V I 
List of Figures 
1.1 Pathway for the biomethylation of As by non-marine organ-
isms (Craig, 1986) 6 
1.2 The shaded areas are the total catchment areas of the Humber 
Estuary and the Thames Estuary 18 
1.3 The Himiber Estuary and its river system 19 
1.4 Szind banks in the (a) Upper Humber; (b) Middle Humber; 
(c) Lower Humber 21 
1.5 The catchment area of the Thames Estuary. Teddington Weir 
is the tidal l imi t 27 
2.1 The system used for arsenic analysis by continuous hydride 
generation coupled wi th atomic absorption spectroscopy (HG-
AAS) 37 
2.2 A typical inorganic As peak formed when analysing a lOfigAs/l 
As(III) standcird using continuous hydride genration coupled 
with atomic absorption spectroscopy 38 
2.3 Typical peak separation of inorganic As (As(in) and A s ( V ) ) , 
M M A and D M A when using continuous hydride generation, 
coupled with a cryogenic trap and atomic absorption spec-
trometry 39 
2.4 The system used for As, comprising of continuous hydride 
generation coupled with a cryogenic trap and atomic absorp-
tion spectrometry 41 
2.5 The relative response of As( V) to As(in) at various acid con-
centrations during analysis by hydride generation 42 
2.6 Inorganic As and Fe profiles from a core taken in the Himiber 
Estuary near Grimsby 48 
2.7 The As signal from (a) a Q.bfxgAa/l standard wi th additions 
of Fe(in) standards and (b) Fe(ni) standards only 50 
2.8 Dissolved inorganic As, M M A and D M A in the Tamar Estu-
ary, 23' ' ' June 1989 52 
3.1 A map of the Humber Estuary showing the geographical loca-
tion of the water sampling sites during three surveys^ Novem-
ber 1988, July 1989 .and May 1990 62 
vu 
3.2 Dissolved inorganic As concentrations for three surveys in the 
Hiunber Estuary (November 1988. July 1989 and May 1990). 
The inset shows total dissolved As during a survey in Jime 
1986 (Edwards et al, 1987) 63 
3.3 A plot of turbidity against salinity for the dissolved inorganic 
As samples taiken from the upper and middle Humber Estuary 
(July 1989) 68 
3.4 Inorganic As and Fe on suspended particles from the Humber 
Estuary, January 1988 and May 1988 (CH28) 70 
3.5 Inorganic As plotted against Fe for suspended particles col-
lected from the Humber Estuary, January and May 1988. . . 72 
3.6 The concentrations of suspended particles {mg/l) in the Hum-
ber Estuary, January 1988 73 
3.7 The sampling stations for intertidal sediments (Apr i l 1988) 
and the location of the sediment core (May 1988) 76 
3.8 The inorganic As and Fe in the intertidal sediments collected 
from the north bank of the Humber Estuary (Apr i l 1988). . . 78 
3.9 Inorganic As against Fe for intertidal sediments f rom the 
north bank of the Humber Estuary, tidal Ouse and Trent, 
and Holderness, AprU 1988 80 
3.10 The distribution of As.Fe ratios for the intertidal sediments 
from the Humber Estuary (Apr i l 1988) 81 
3.11 (i) Inorganic As and Fe profiles f rom a Humber Estuary core 
(May 1988). ( i i ) The relationship between inorganic As and 
Fe for both leaching mediums 82 
3.12 The linear regression lines for the inorganic As and Fe sedi-
ment data f rom the Himiber Estuary, a. sediment core (May 
1988), b. suspended particles (January and May 1988) and 
c. intertidal sediments (Apr i l 1988) 86 
4.1 The Humber Plume cruise tracks for the surveys during De-
cember 1988 (CH42), May 1990 (CH65) and July/August 
1990 (CH69) 97 
4.2 The ^ Thames Plume cruise track for the surveys during Febru-
ary 1989 (CH46) and July/August 1990 (CH69) 98 
4.3 A "Go-Flo" bottle moimted to the exterior of the clean con-
tainer for seawater sample filtration 100 
4.4 The PES (precision echo sounder) fish deployed to the port 
side of RRS Challenger 101 
4.5 The NSP sample identification numbers in the Humber Plimie, 
December 1988 (CH42) 103 
4.6 The NSP sample identification nimibers for the CTD stations 
in the Humber Plume, September 1989 (CH61) 104 
4.7 The NSP sample identification numbers in the Humber Plume, 
May 1990 (CH65) 105 
4.8 The NSP sample identification numbers in the Humber Plume, 
July/August 1990 (CH69) 106 
vm 
4.9 The NSP sample identification numbers in the Thames Plume, 
February 1989 (CH46) 107 
4.10 The NSP sample identification numbers in the Thames Plume, 
July/August 1990 (CH69) 108 
4.11 Dissolved inorganic As at two anchor stations in the mouth 
of the Humber Estuary on (a) 21^' and (b) 27"^ December 
1988 (CH42) I l l 
4.12 Dissolved inorganic As at an anchor station in the mouth of 
the Humber Estuary on 7"' May 1990 (CH65). . 112 
4.13 Dissolved inorganic As at an anchor station in the mouth of 
the Humber Estuary on August 1990 (CH69) 113 
4.14 Dissolved inorganic As in the Humber Estuary and Plume, 
including data f rom an anchor station during May 1990 (CH65).115 
4.15 Dissolved inorganic As in the Humber Plimie, December 1988 
(CH42) 116 
4.16 Dissolved inorganic As in the Humber Plume, September 1989 
(CH61) 117 
4.17 Dissolved inorganic As in the Humber Plume, May 1990 (CH65). 118 
4.18 Dissolved inorganic As in the Humber Plume, July/August 
1990 (CH69) 119 
4.19 Dissolved phosphate in the Humber Plume, December 1988 
(CH42) 123 
4.20 Dissolved phosphate in the Humber Plume, July/August 1990 
(CH69 124 
4.21 Dissolved M M A in the Humber Plume, September 1989 (CH61). 127 
4.22 Dissolved D M A in the Humber Plume, September 1989 (CH61).128 
4.23 Dissolved D M A in the Humber Plume, May 1990 (CH65). . . 129 
4.24 Dissolved M M A in the Humber Plume, July/August 1990 
(CH69) 130 
4.25 Dissolved D M A in the Humber Plume, July/August 1990 
(CH69) 131 
4.26 The suspended particle sample locations f rom May 1988 (CH28) 
and the concentrations of inorganic As [figAs/g) 136 
4.27 (a). The suspended particle sample locations with the NSP 
identification numbers for May 1990 (CH65) and July/August 
1990 (CH69). (b) The concentrations of particulate inorganic 
As {figAs/g) for the same period 137 
4.28 Plots of inorganic As and Fe against salinity for suspended 
particles f rom the Humber Estuary and Plimie, May 1988 
(CH28), May 1990 (CH65) and July/August 1990 (CH69). . . 140 
4.29 Inorganic As and KdXlQ^ {^UQ) for suspended particles from 
the Humber Estuary and Plume during May 1990 (CH65). . . 141 
4.30 Inorganic As plotted against Fe for suspended particles f rom 
the Humber Plume and Estuary, May 1988 (CH28), May 1990 
(CH65) and July/August 1990 (CH69). 142 
4.31 The location of the porewater sample sites from May 1990 
(CH65) and July/August 1990 (CH69) 142 
I X 
4.32 Inorganic As porewater profiles f rom the Humber Plume dur-
ing May 1990 (CH65). (1) Silver Pi t , (2) SE Grid, (3) The 
Wash, (4) North Resuspension Site. July/August 1990 (CH69) 
(5) Silver Pit, (6) Humber, (7) The Wash. (8) North Resus-
pension Site 145 
4.33 Inorgzinic As and M M A in porewater profiles f rom the Silver 
Pit (profile I ) during May 1990 (CH65) 154 
4.34 Dissolved M M A and D M A porewater profiles f rom July/August 
1990 (CH69). (5) SUver Pi t , (6) Humber, (7) The Wash, (8) 
North Resuspension Site 155 
4.35 Dissolved inorganic As at an anchor station in the Thames 
Estuary, near Gravesend, on 13"* February 1989 ( C H 4 6 ) . . . . 162 
4.36 Dissolved inorganic As in the Thames Plume, February 1989 
(CH46) 164 
4.37 Dissolved inorganic As in the Thames Plimie, July/August 
1990 (CH69) 165 
4.38 Dissolved M M A in the Thames Plume, July/August 1990 
(CH69) 168 
4.39 Dissolved D M A in the Thames Plume, July/August 1990 
(CH69) 169 
4.40 The NSP sampling sites and the concentrations of inorganic 
As on the suspended particles, f rom the Thames Pliune, Febru-
ary 1989 (CH46) and July/August 1990 (CH69). Values of 
{xiO^ml/g) are given in brackets 170 
4.41 The distribution of particulate inorganic As wi th respect to 
salinity from the Thames Estuary and Pliune, February 1989 
(CH46) 171 
4.42 Inorganic As against Fe for the suspended particles f rom the 
Thames Estuary and Plume, in February 1989 (CH46) and 
July/August 1990 (CH69) 172 
4.43 Data f rom a sediment core f rom the Oaze Deep region of the 
Thames Plume in February 1989 (CH46) 175 
4.44 The dissolved inorganic As porewater profiles f rom Oaze Deep 
and Barrow Deep in the Thames Plume, February 1989 (CH46).176 
5.1 The cruise track for the Bloom cruise, Apr i l 1989 (CH50). . . 184 
5.2 The cruise track for the Survey cniise, September/October 
1989 (CH61) 185 
5.3 The NSP sample identification nimibers for the Bloom cruise, 
Apr i l 1989 (CH50) 186 
5.4 The NSP sample identification numbers for the Survey cruise, 
Sept/Oct 1989 (CH61) 187 
5.5 Dissolved inorganic As in the southern North Sea, Apr i l 1989 
(CH50) 189 
5.6 Dissolved inorganic As in the southern North Sea, Sept./Oct. 
1989 (CH61) 190 
5.7 UNIMAP plots of temperature and dissolved inorganic As in 
the North Sea, Sept/Oct. 1989 (CH61) 195 
5.8 Dissolved M M A in the southern North Sea, Sept./Oct. 1989 
(CH61) 196 
5.9 Dissolved D M A in the southern North Sea, Sept./Oct. 1989 
(CH61) 197 
5.10 U N I M A P contour plots of dissolved M M A and D M A in the 
southern North Sea, Sept/Oct. 1989 (CH61) 199 
6.1 Inorganic As against phosphate for samples in the Humber 
Plume, Thames Plume and the southern North Sea 207 
6.2 Conceptual box model of the biogeochemical cycle of As in 
the Silver Pit area (Humber Pliune), under winter conditions. 212 
List of Tables 
1.1 Arsenic species discussed in this study (Holm et al., 1979; 
Haiduc & Zuckerman, 1985) 4 
1.2 The toxicity of selected arsenic compoimds to rats. Aspirin 
is included cis a comparison, after Craig (1986) 5 
1.3 Concentrations of dissolved As in the marine environment, a 
selection f rom the literature 9 
1.4 Hydride-reducible As species and their arsine derivatives. . . 13 
1.5 The mean daily inputs of metals to the Humber Estuary dur-
ing the period 1984 - 1986 (Edwards et al., 1987) 23 
1.6 The dimiping of (a) sewage sludge and (b) industrial waste 
in the region 20ibm west of the Humber Estuary, 1976 24 
1.7 Dissolved As concentrations in the tidal Ouse and Trent, and 
the Hiunber Estuary 25 
1.8 Concentrations of As in sediments, seaweed (Fucus) and rag-
worms (Nereis) from the Humber Estuary 26 
1.9 The input of riverine dissolved metals (kg/d) to the Thames 
Estuary. 28 
1.10 Sewage sludge dumping in Barrow Deep in 1976, cited in 
Morris (1988). . ' 28 
1.11 The freshwater discharge and the catchment areas of some of 
the rivers surrounding the North Sea 30 
1.12 As discharged by rivers to the North Sea via the major estuaries. 31 
1.13 As entering the North Sea f rom each country, based on esti-
mates for 1980 and 1981 (Hil l et al., 1984) 31 
1.14 The UK inputs of As to the North Sea (Wood et al., 1986). . 32 
2.1 Conditions for inorganic arsenic analysis using continuous hy-
dride generation 37 
2.2 Conditions for arsenic speciation in seawater using hydride 
generation coupled with a cryogenic trap and AAS 45 
2.3 The detection limits and levels of precision for the analyses 
of inorganic As, M M A and D M A 46 
2.4 The extent to which a signal from an As(in) standard ( 6 . 5 / i ^ i 4 j / / ) 
is suppressed by various additions of an Fe(III) standard. . . 50 
2.5 The effect of storage at 4*^^ in the dark, on dissolved M M A 
and D M A in samples from the Tamar Estuary 53 
2.6 Conditions used for the analyses of Fe and M n using flame-AAS. 55 
X l l 
3.1 Details of the estuarine surveys carried out in the Himiber 
Estuary 58 
3.2 A summary of the dissolved As data and the equivalent sam-
ple master variables, for the surveys in November 1988, July 
1989 and May 1990 : 61 
3.3 Freshwater mean daily flows in the Ouse and Trent during 
surveys in November 1988 and July 1989 63 
3.4 A selection from the Uterature on the behaviour of As in es-
tuaries world-wide and the concentration of As in the riverine 
end-member 67 
3.5 A summary of the concentrations of inorganic As and Fe in 
the suspended sediments from the Humber Estuary (January 
and May 1988) 71 
3.6 Values of inorganic As and Fe in the intertidal sediments from 
the north bank of the Humber Estuary (Apr i l 1988) 77 
3.7 The inorganic As and Fe values for a core profile (20cm deep) 
from the Humber Estuary, near Grimsby, May 1988 83 
3.8 The statistical details of the suspended sediments (January 
and May 1988), the intertidal sediments (Apr i l 1988) and the 
sediment core (May 1988) from the Humber Estuary 86 
3.9 The As:Fe ratios for the suspended particles (Januciry 1988), 
the intertidal sediments (Apr i l 1988) and the sediment core 
(May 1988) 87 
3.10 A summary of the sediment data for inorganic As and Fe 
from the suspended particles (January 1988), the intertidal 
sediments (Apr i l 1988) and the sediment core (May 1988). . . 90 
4.1 Details of sampling carried out in the Humber and Thames 
Plumes, in chronological order, from May 1988 to July 1990. 94 
4.2 Details of sampling carried out in the Humber Plume and the 
Thames Plume, f rom May 1988 to August 1990 96 
4.3 A summary of the data from the four anchor stations in the 
mouth of the Humber Estuary 114 
4.4 A summary of the dissolved As data f rom four cruises in 
the Humber Plume, December 1988 (CH42), September 1989 
(CH61), May 1990 (CH65) and July/August 1990 (CH69). . . 120 
4.5 Dissolved As and phosphate in the Humber Plume ordered 
by season 121 
4.6 The results f rom a six day phytoplankton incubation experi-
ment. The init ial water sample (CTD 3000) was collected in 
May 1990 (CH65) 133 
4.7 The seasonal trend of dissolved M M A and D M A in the water 
column in the Himiber Plume 134 
4.8 The maximum percentage of dissolved methylated As in the 
water column compared to the total dissolved As. A selection 
from the literature 136 
xiu 
4.9 A summary of the inorganic As and Fe data from suspended 
particles collected in the Humber Estuary and Plume in May 
1988 (CH28), May 1990 (CH65) and July/August 1990 (CH69). 138 
4.10 The inorganic As concentrations in the porewater profiles 
f rom the Humber Plume area and the North Resuspension 
Site 144 
4.11 Typical redox potentials wi th their associated sediment chem-
istry, from Watson et al. (1985) 147 
4.12 A summary of the redox potentials of the cores from the Himi-
ber Plume area and the North Resuspension Site 148 
4.13 A summary of the porewater Mn data f rom May 1990 (CH65) 
and July/August 1990 (CH69) 149 
4.14 A summary of the porewater phosphate data f rom the Himi-
ber Plume region and the North Resuspension Site during 
May 1990 and July/August 1990. Data was supplied by P M L . 152 
4.15 A summary of the M M A and D M A data from the porewater 
profiles 153 
4.16 The data required for the flux calculations for the dissolved 
inorganic As in the porewater profiles from the Humber Es-
tuary and the North Resuspension Site 159 
4.17 The data required for the flux calctdations of the dissolved 
M M A and D M A in the porewater profiles f rom the Humber 
Estuary and the North Resuspension Site 160 
4.18 Dissolved inorganic As and D M A in top and bottom water 
samples from sites where sediment resuspension was observed 
in the Humber Plume, May 1990 (CH65) 160 
4.19 A summary of the dissolved As data f rom the Thames Estuary 
during February 1989 (CH46) and July/August 1990 (CH69). 163 
4.20 A simunary of the suspended particle data from the Thames 
Estuary and Plume, during February 1989 (CH46) and July/August 
1990 (CH69) 173 
4.21 A summary of the data f rom a core from the Oaze Deep region 
of the Thames Estuary, February 1989 (CH46) 176 
4.22 A sunmiary of the porewater data from cores f rom the Thames 
Plume region, February 1989 178 
4.23 Statistical data f rom the porewaters of sediments from the 
Thames Plume, February 1989 179 
4.24 The data required for the flux calculations for the dissolved 
inorganic As in the porewater profiles from the Oaze Deep 
and the Barrow Deep, Thames Plume, February 1989 180 
5.1 A summary of the details f rom two cruises in the the southern 
North Sea, Apr i l 1989 (CH50) and Sept./Oct. 1989 (CH61) . 188 
5.2 A summary of the data from the southern North Sea, Apr i l 
1989 191 
5.3 Cell coimts of major phytoplankton groups at the south site, 
March-June 1989 192 
xiv 
5.4 A summary of the data from the north and south sampling 
sites from the North Sea, Apr i l 1989 (CH50) 193 
5.5 Inorganic As, phosphate, chlorophyll a and temperature pro-
filed at a station (CTD 1725) in the North Sea, Apr i l 1989 
(CH50) 194 
6.1 A simunary of the concentrations of dissolved As data from 
the Humber Plume, Thames Plume and the southern North 
Sea 204 
6.2 A summary of the support data from the samples collected in 
the Humber Plume, Thames Plume and the southern North 
Sea 205 
6.3 The flux of dissolved and particulate inorganic As from the 
Humber and Thames Estuaries 206 
6.4 The ratios of molecular dissolved phosphate to dissolved in-
organic As 208 
I v 
Estuaries as Sources of 
Methylated Arsenic to 
the North Sea 
b y 
Heather Jane Kitts B.Sc. (Hons) 
Chapter 1 
Introduction 
1.1 Arsenic as an estuarine pollutant 
Arsenic is a naturally occurring element and is present in over 200 minerals, 
60% of which are arsenates, the remainder being sulphides, arsenides, arsen-
ites and oxides (Baur, 1978). The main present-day uses for As compounds 
are in agriculture, wood preservatives, molybdenum ore flotation, glass man-
ufacture and a small percentage is used in pharmaceuticals (Berman, 1980; 
Abernathy, 1983; Fitzgerald, 1983). As is a by-product f rom the non-ferrous, 
ore-smelting industry and this is the ordy economic method by which i t is 
obtained. One of the largest industrial effluents in the Humber Estuary 
is a copper refinery (Rio Tinto Zinc) which is almost entirely responsible 
for the As input into the estuary. In the period 1984-1986 the plant was 
discharging, on average, lOOOkg/day of As (Edwards et al., 1987). 
In an attempt to protect the water quality of estuarine environments, 
the EEC set a series of Environmental Quality Standards (EQS). The EQS 
for freshwater, which is defined as being able to support fish, is bOfigAs/l 
of total dissolved As based on an annual average. For saline water, which 
supports fish and shellfish, this value is 2bngAs/l (Gardiner & Zabel, 1989). 
However, there are no standards for different As species, these having dif-
ferent toxicities and biogeochemical reaction pathways. As concentrations 
in the Humber Estuary have, in the past, exceeded the EQS (Edwards et 
al., 1987). In 1987 a new, subsurface outfall for the RTZ plant was commis-
sioned in order to reduce As concentrations and to aid dispersion. However, 
this does not reduce the net input into the estuary. I t was recently 
reported that the RTZ copper refinery is to close in the near future. When 
the major source of As is removed from the estuary i t wi l l cause the envi-
ronment to reach a new equilibrium, involving the steady release of As from 
the sediments which are storing a vast quantity of the element. 
The fate of As in the estuarine environment, and its possible transport 
to the sea, is governed by several factors:-
• Dispersion and transportation in the dissolved phase. 
• Adsorption and desorption reactions involving particles and their sub-
sequent transportation/deposition. 
• Uptake, chemical conversion and release by marine organisms. 
• Remobilization within sediments undergoing redox reactions. 
1.2 Methylated arsenic compounds and their tox-
icity. 
The simplest, naturally occurring methylated As compounds are methanear-
sonic acid, dimethylarsinic acid and the gaseous arsines (Table 1.1). As a 
result of the analyticcd techniques used in this study, methanearsonic acid 
and dimethylarsinic acid could not be positively identified, only the degree 
of methylation could be determined. To avoid confusion, methanearsonic 
acid is referred to as monomethylarsenic ( M M A ) and similarly, dimethy-
larsinic acid as dimethyiarsenic ( D M A ) . The methylation of As has been 
identified in bacteria, f imgi, algae, invertebrates, vertebrates and man and 
is a process of detoxification. M M A and D M A are significantly 
less toxic than inorganic As compoimds (Table 1.2), and when ingested by 
himians and animals they are quickly excreted without degradation to their 
more toxic, inorganic counterparts (Crecelius, 1977; Lederer & Fensterheim, 
Table 1.1: Arsenic species discussed in this study (Holmet al., 1979; Haiduc 
& Zuckerman, 1985). 
Species Name Oxidation 
State 
AsOl" Arsenate V 
A s O j " Arsenite m 
CH3AsO(OH)2 Methanearsonic acid V 
(CH3)2AsOOH Dimethylaxsinic acid V 
AsHa Arsine m 
CH3ASH2 Methylarsine m 
(CH3)2AsH Dimethylarsine n i 
Table 1.2: The toxicity of selected arsenic compounds to rats. Aspirin is 
included as a comparison, after Craig (1986). 
Compoimd LDso in rats {mg/kg) 
Arsine 3 
Arsenic trioxide 20 
Potassium arsenite 14 
Met hanearsonic acid 700-800 
Dimethylarsinic acid 700-2600 
Aspirin 1000-1600 
1983). Only bacteria have been identified as being able to breakdown methy-
lated As compoimds (Sanders, 1979; Johnson, 1972). As(ni) inhibits several 
enzymes, which are essential for cellular metabolism, by attaching itself to 
the thiol group in the active centre of the molecule (Berman, 1980). As(V), 
which has a similar chemistry to phosphate, is able to uncouple the oxidative 
phosphorylation of adenosine diphosphate (ADP) to adenosine triphosphate 
(ATP) which is an essential process for the transfer of energy from respira-
tion, or photosynthesis, in living cells (Gresser, 1981; Craig, 1986). There 
are two main As methylation pathways (Craig, 1986). The first involves 
the stepwise reduction and methylation of As(V) to As(II I ) then to M M A , 
D M A and lastly the arsines (Figure 1.1). Various organisms wil l be capable 
of some degree of methylation, ie. himians can form D M A , whilst moulds 
can produce arsines. The second pathway is utilised by aquatic biota and 
involves the formation of complex organo-As compounds such as arseno-
lipids and arsenosugars. In this case, M M A and D M A are believed to be 
degradation products but the precise pathway is uxiknown (Craig, 1986). 
HjAs^O; 
Reduction Methylation 
• As"'0(OH): 
OH 
• CH^-AsV^O 
Arsenate Arsenite Methar>earsonic acid 
Reduction Methylation CH 
I I 
^ CHj-As'lkO ^ CH3-As^=0 
Methanearsonous anion Dimethylarsinic acid 
Figure 1.1: Pathway for the biomethylation of As by non-marine organisms 
(Craig, 1986). 
1.3 Arsenic in the marine environment. 
1.3.1 A r s e n i c m e t h y l a t i o n i n t he m a r i n e e n v i r o n m e n t . 
As(V), which is the dominant species in the marine envirormient, is the 
chemical analogue of phosphate which is taken-up by primary producers. 
Algae can exhibit two defence mechanisms, either they can descriminate be-
tween As(V) and phosphate (Morris et al., 1984), or they rapidly metabolise 
it to less toxic organic forms and eliminate it (Sanders, 1980; Sanders & Win-
dom, 1980). The ability of phytoplankton to distinguish between As(V) and 
phosphate depends on the species, and as phosphate concentrations become 
lower, As(V) in effect becomes more toxic (Andreae, 1979; Sanders, 1985). 
Upto 14 different organoarsenic compounds have been identified in al-
gae, most of which are present as lipid-soluble forms (Andreae & Klumpp, 
1979; Edmonds & Francesconi, 1981; Wrench & Addison, 1981). M M A and 
D M A , which are water soluble, only form a small proportion of the organic 
forms in algae, but they are the dominant forms detected in seawater 
(Andreae and Klumpp, 1979 ; Baker et al, 1983). Trimethylated As has 
also been reported to a lesser extent (de Bettencourt, 1988). Arsenic com-
pounds such as arsenobetaine ( (CH^h^s^CH2C00~ ) and arsenocholine 
{{CH2)3As^(CH-2)20H) are the dominant forms in marine invertebrates 
and fish, but they have not been detected in marine algae (Craig, 1986). 
M M A and DMA are stable in seawater and are removed possibly by demethy-
lating bacteria. Bacteria in seawater and sediments are also responsible for 
the reduction of As(V) to As(II I ) (Johnson, 1972) and the oxidation of 
As( I I I ) to As(V) (Scudlark & Johnson, 1982). 
Lunde (1977) identified that there were higher concentrations of As in 
marine organisms than in terrestrial ones. Aquatic organisms can take up 
As in water or by the ingestion of other organisms containing As. Maeda 
et al. (1990) showed that in a freshwater food chain including algae, zoo-
plankton and fish. As accimiulation through the intake of food diminished 
up the food chain by one order of magnitude each time. The percentage of 
biomethylation also increased with the higher organisms. Similarly, Sanders 
et al. (1989) have shown that filter feeding marine invertebrates did not 
accumulate As by the consumption of phytoplankton containing high con-
centrations of As. 
1.3.2 B i o g e o c h e m i c a l c y c l i n g o f arsenic i n e s tua r ies . 
Many authors have described models for the cycling of As in estuaries and 
the marine environment (Ferguson k Gavis, 1972; Wood, 1974; Sanders, 
1980; CuUen & Reimer, 1989). As undergoes a complicated cycle of interac-
tions between water, suspended particles, sediments and biota, with certain 
similarities with the phosphate cycle. Many estuaries, such as the Hum-
ber, have an industrial source of As. The presence of As(I I I ) , M M A and 
D M A in the marine environment is mainly due to marine organisms, such as 
phytoplankton, which reduce and methylate As in order to reduce its toxic-
ity. Organic As compounds within organisms may be passed along the food 
chain to a limited extent (Maeda et al., 1990). A selection of concentrations 
of As in the marine environment is given in Table 1.3. 
As may be scavenged from the water column by suspended particles 
wi th reactive surfaces, such as Fe oxyhydroxide coatings (Pierce & Moore, 
1982). This occurs predominantly at the freshwater-brackish water interface 
where the change in ionic strength causes the formation of Fe precipitates 
which scavenge As from the water colunm (Marsh, 1983; Morris, 1986). 
The transportation of As within the marine environment is then subject to 
the movement of these suspended particles. Deposition of As-rich particles 
and the subsequent changes in redox potential as sedimentation takes place, 
may release As bound to oxy hydroxides into the pore waters. Concentration 
gradients wil l determine the flux of As. Moving down into the sediments 
it wi l l undergo further reduction and the formation of sulphides (Belzile & 
Tessier, 1990). Upward diffusion through the sediment wi l l allow oxidation 
and the possible reprecipitation, or it may be released into the water column. 
The input of decaying organic matter to the sediments may provide another 
source of organic and inorganic As. In addition to this there are bacteria 
present in the sediments which wil l modify the As compounds (Holm et al., 
1979; Reimer, 1989). 
1.4 Analytical approaches to arsenic analysis. 
1.4.1 B a c k g r o u n d o f h y d r i d e g e n e r a t i o n t e c h n i q u e s . 
Hydride generation coupled wi th atomic spectroscopy is a popular method 
of determining hydride-reducible As compotmds, such as As ( I I I ) , As(V), 
M M A and D M A , in environmental samples. I t should be noted that com-
pounds such as arsenobetaine and eirsenocholine cannot be detected by this 
method. By forming gaseous, covalent hydrides of As (arsines), the analyte 
is easily and efficiently separated from its sample matrix and transported to 
a detection system. This has allowed detection limits to lower considerably 
in comparison to As analysis by direct transport of an aqueous sample into 
the detection system. 
Table 1.3: Concentrations of dissolved As in the marine environment, a 
selection from the literature. " Total dissolved As. ^ Inorganic As. 
Dissolved As {figAs/l) 
Sample As(V) As (m) M M A D M A Reference 
Estuarine water, 
Tampa Bay, USA 
1.29 - 1.45 0-12 - 0.62 < 0.02- 0.08 0-20 - 0.29 Braman & 
Forebeck 
(1973) 
Estuarine water, 
R. Beaulieu 
0.13 - 1.00 0.06 - 0.33 0.06 - 0.38 0-18 - 0.39 Howard 
et al. (1982) 
River water, 
Seawater, 
California 
1.95 
1.75 
0-11 
0.02 
0.06 
0.02 
0-05 
0.12 
Andreae 
(1977) 
Coastal water, 
Georgia Bight 
USA 
0.7 - 1.7 < 0.02- 0.07 - 0.02 - 0.06 Waslenchuk 
(1978) 
Porewater, 
Tamar Estuary 
5 - 62" - 0-12 - 0.70 0.12 - 0-45 Ebdon et al. 
(1987) 
St. Lawrence 
Estuary 
0.5 - 1-4" - - - Tremblay & 
Gobeil (1990) 
Severn Estuary 1.4 - 4.5" - - - Apte et al. 
(1990) 
Scheldt Estuary 1.80 - 4.80 0.06 - 0.44 - - Andreae & 
Andreae 
(1989) 
Rhone Estuary 1.1 - 3.8" - - - Seyler & 
Mart in (1990) 
Charlotte 
Harbor, USA 
1.07 - 1.41*' - 0-02 - 0.04 0.02 - 0.10 Froelich 
et al- (1985) 
One of the main advantages of the hydride generation method is that the 
analyte, once in gaseous form, can be pre-concentrated by cryogenic tech-
niques before detection, and so lowering the detection limits even further. 
Also, the arsine derivatives, monomethylarsine and dimethylarsine can be 
separated and detected as carried out in this study. This method can be 
easily automated, which improves reproducibility, and considerably reduces 
the analysis time for each sample. 
The detection of As by hydride generation can be divided into three 
stages. Firstly, there is the reduction of the analyte f rom an acidified, aque-
ous sample and the evolution of the arsines. The next stage involves the 
transport of the arsines from the generating solution to the detection system, 
and this may also incorporate a pre-concentrating and a species-separating 
system. The last stage is the acomisation and the detection of the analyte. 
1.4.2 A n a l y t e r e d u c t i o n 
Reduction of the As species can be performed by various reducing agents. 
One of the earlier methods was the zinc-hydrochloric acid system which in-
volved the acidification of the sample with HCl , and the addition of Zn metal 
caused the evolution of hydrogen and arsines. One of the disadvantages wi th 
this method is that As(V) must first be reduced to As(II I ) by allowing potas-
sium iodide and stannous chloride to react with the acidified sample, before 
the addition of Zn (Chu et al., 1972). Also, the Zn-HCl reaction is slow, and 
this combined wi th the pre-reduction step make a time-consuming method 
which is not easily automated. 
A more effective method of reduction, which has been widely adopted, is 
the sodium borohydride-acid reaction, where HCl is the acid most cormnonly 
used. The proposed reaction is as follows with As(V) first being reduced to 
As(V) at piT < 4 (Howard k Arbab-Zavar, 1980), 
A3{V) + 2BH- - i - 6//2O —» As{III) + 2B(0H)z + 7H2 
As( I I I ) is then reduced to arsine, 
As{III) - f ^BH- + 9H2O — . AsH2 + ZB{0H)3 + 9^2 
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This method has a higher rate of formation of hydride, a higher conversion 
efficiency and lower blank levels. Initially, experimentation involved the 
dropping of solid pellets into the acidified sample, but consequently, the 
most efficient method has been the use of NaBH4 solutions varying from 
1 - 107ow/v. The NaBH4 may be stabilised in an alkali medium by dissolving 
the solid in NaOH solutions ranging from 0 - 1 - 2%. However, excess NaOH 
can quench the hydride generation reaction and reduce its efficiency. 
1.4.3 A r s i n e gas t r a n s f e r 
The earlier hydride generation techniques used discrete systems. These in-
volved injecting a sodium borohydride solution into the acidified sample 
which was in a closed vessel. The hydrides generated were then collected in 
a balloon, and when the reaction was complete, the hydrogen and arsines 
were discharged into the detection system (Chu et al., 1972). The devel-
opment of automated hydride generation systems (Vi jan & Wood, 1974; 
Arbab-Zavar & Howard, 1980) dramatically increased the efficiency of the 
analytical technique and reduced the time required to analyse each sample. 
They also lowered detection limits and increased the reproducibility of the 
technique- The sample is pumped and is mixed " i n line" using a mixing 
coil with HCl after which, it is mixed with NaBH4. The reacting solution is 
then transported to a gas-liquid separator where the arsines and hydrogen 
are swept away to the detector by an inert gas such as nitrogen or argon-
1.4.4 A t o m i s a t i o n a n d d e t e c t i o n . 
Atomic absorption spectroscopy (AAS) is a popular method of detecting 
the analyte and several adaptations have been developed in order to obtain 
maximum sensitivity- The principal resonance lines for As are 189.Onm, 
193.7nm, and the less sensitive 197-2nm, all of which are in the ultra-violet 
region of the electromagnetic spectrum- Sensitivity can be seriously re-
duced by absorption by the atmosphere, flames in the optical path of the 
AAS, and also by lenses and mirrors wi thin the instnmient, for example an 
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air-acetylene flame absorbs 60% of the source radiation at 193.7nm (Apte 
et al., 1989). This problem was overcome by atomising the arsines within 
a quartz cell which is heated externally, either electrothermally (Chu et al., 
1972) or by an air-acetylene flame (Arbab-Zavar & Howard, 1980). The use 
of an atom cell also reduces the dilution of the arsines and increases their 
residence time within the optical path, hence Increasing sensitivity. Igni-
tion of the excess hydrogen within the heated atomisation cell has also been 
used to aid atomisation (Walton et al., 1986; Howard & Arbab-Zavar, 1981). 
Other workers (Thompson & Thomerson, 1974) prefer the system without 
the internal flame as flame noise is significantly reduced. The presence of hy-
drogen in the atom cell is believed to be essential in the atomisation process, 
as it has b^en proposed (Welz & Melcher, 1983) that the atomisation of the 
hydrides is by free hydrogen radicals, rather than by thermal decomposition. 
1.4.5 A n a l y s i s o f a r sen ic species. 
Covalent gaseous hydrides can be produced from acidified solutions contain-
ing As(ni), As(V), monomethylarsonic acid and dimethylarsinic acid, by 
reduction with sodium borohydride (see Table 1.4). The kinetics of the re-
duction of each species is different, with the formation of arsine f rom As(in) 
being more rapid than f rom As(V), as it first has to be reduced to As(I I I ) 
(Aggett & AspeU. 1976). 
When dealing with environmental samples, rather than standards, i t 
must be stipulated that the species detected by the analytical method are an 
indication of the species present in the sample, providing information only on 
the oxidation state and degree of methylation of the Jirsenic, i.e. the species 
detected may be the breakdown products of more complicated molecules. To 
avoid ambiguity in this study the As species detected in the environmental 
samples wil l be referred to as As (ni ) , As(V) , monomethylarsenic ( M M A ) 
and dimethylarsenic ( D M A ) . 
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Table 1.4: Hydride-reducible As species and their arsine derivatives. After 
Apte et al. (1989). 
Hydride Boiling point 
of product 
As(in) = > AsHa 
As(v) ^''im"^ As(in) ^ ^ ' ^ " ^ i z i r — A 3 H 3 
CH3AsO(OH)2 = > CH3ASH2 
monomethylarsonic acid ==> monomethylarsine 
(CH3)2AsOOH = > (CH3)2AsH 
dimethylarsinic acid = > dimethylarsine 
Effects o f p H and acid concen t ra t ion o n arsine genera t ion . 
Early work on arsenic analysis by hydride generation only involved the in-
organic As(ni) and As(V) species as the significance of methylated arsenic 
species in environmental samples had not been realised. The formation of 
the arsines from their derivatives is dependent on the acid concentration 
or the pH of the reacting solution, and this was exploited in order to pro-
vide more information about the inorganic speciation than just total arsenic 
values. 
Aggett & AspeU (1976), using direct hydride generation, reported that 
the determination of "total" As (As(ni) and As(V)) and As(II I ) was possi-
ble by pH control, since at pH5 hydrides were not formed from As(V) . They 
performed the analysis twice, once at pH5, to get a signal response only from 
As(ni), and a second time with 5A/ HCl , to determine "total" As. This did 
not take into accoimt any methylated species which could be present in en-
vironmental samples, and could have influenced the results. Hinners (1980) 
investigated the effect that pH control and acid concentration had on As( I I I ) , 
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As(V), M M A and D M A . At pH4.8, using strong buffering, similar to Aggett 
<S£ Aspell (1976), a signal response equivalent to that of As(II I ) was mea-
sured from D M A . As(V) and M M A gave negligible reponses. When weak 
buffering was used the DMA response relative to As(in) was significantly 
reduced, f rom 84% to 12%, but the magnitude of the As(III) response was 
decreased. At high acid concentrations (4^ / HCl and above) equivalent re-
sponses from As(ni) and As(V) were obtained, wi th the signals f rom M M A 
and D M A ranging from approximately 50% to negligible values. Conse-
quently, the determination of As(in) alone at pH5 may be overestimated by 
the additional signal from DMA, and the determination of total As could, in 
some cases, be significantly underestimated by the minimal responses f rom 
M M A and D M A . Further documentation of the response of As species to 
varying pH and acid concentration has been provided by Weird (1982) and 
Arbab-Zavar k Howard (1980). The different responses of each species to 
the reagent conditions makes i t difficult , when using direct hydride genera-
tion, to determine what the signal response accurately represents. Clearly, 
direct hydride generation imposes l imits on the amount of information that 
can be provided on the As species present in the sample being analysed, i.e. 
i t can provide estimates of As(III) and " tota l" As, which at high acid con-
centrations is equivalent to total inorganic As. The introduction of an arsine 
trapping mechanism, which provided for pre-concentration and separation 
of the different As species, yields considerable potential for investigations 
into the biogeochemistry of As. 
Separa t ion o f arsines by cryogenic t r a p p i n g . 
Braman and Forebeck (1973) were amongst the first to develop a method 
of separating As species by using a cryogenic trap linked to a discrete hy-
dride generating system. Arsines evolved from the generating solution were 
flushed, wi th helium, through a U-tube packed wi th glass beads cooled to 
-196' 'C by inmiersion in liquid nitrogen. When the reaction was complete 
the liquid N2 was removed and the trap was allowed to warm to room tem-
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perature. The arsines volatilised f rom the trap and were flushed to the 
detection system in the order of their boiling points (see Table 1.4), with 
arsine first, followed by monomethylarsine and then dimethylarsine. This 
technique has since been developed (Braman et al-, 1977) and automated 
(Howard & Arbab-Zavar, 1981), enabling the determination of inorganic As 
(As(III) and As(V)) , M M A and D M A , and As(ni) by pH control of the 
reacting solution. 
Recent studies have indicated a major discrepancy between the quantity 
of dissolved As species present in natural waters and that which is detected 
by hydride generation. Howard & Comber (1989) treated filtered, coastal 
water by ultra-violet radiation, which was shown not to degrade M M A or 
DMA, and compared the results with imtreated samples. There was, on 
average, a 25% increase in the concentration of dissolved As in the irradi-
ated sample, with values being increased for inorganic As, M M A and most 
of all D M A . Similarly, Sturgeon et al, (1989) found that there was a 22% 
difference between the total As determined in a river water reference ma-
terial by GF-AAS, and the As species determined by hydride generation. 
They suggest that there is a significant fraction present in a non-hydride 
active form, wi th similar properties to arsenobetaine. Howard & Comber 
(1989) have used procedures which convert any arsenobetaine present into 
trimethylarsine oxide which can then be detected as trimethylarsine (An-
dreae, 1977), but no values were obtained f rom their samples. They suggest 
that the non-hydride active As fraction contains dimethyl arsenoribosides, or 
similar compounds, that have been released into the water column by phyto-
plankton and then undergone bacterial degradation and utilisation by other 
marine organisms. These findings confirm that there are more complicated 
As species present in natural waters than just the easily hydride-reducible 
forms (i.e. As(in), As(V) , M M A and D M A ) and that further developments 
of analytical techniques are required in order to positively identify them. 
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1.4.6 Interferences 
Much work has been done on interferences in hydride generation, namely 
the reduction in efficiency of arsine generation f rom an aqueous solution by 
the interaction of transition metals. However, there are conflicting views on 
the mechanisms and extent of transition metal interferences. 
Welz k Melcher (1984a) proposed that transition meted interference was 
due to the preferential reduction of the interferent to its metal and then 
the capture and decomposition of the arsines by the precipitate. Aggett 
k Hayashi (1987) observed the formation of metal precipitates without in-
terference effects, and conversely, signal reductions with no precipitates, 
using the same transition metals. They conclude that the interference was 
chemical i.e. some form of complexation of the As, rather than by physical 
absorption. 
Despite conflicting theories on the mechanism of transition metal inter-
ference, similar observations of their effects have been made. The order of 
interference of the most important transition metals is as follows: r^i(II) > 
Co(n) > Cu(II) ^ Fe(U). At low acid concentrations ( < IM HCl) these 
elements can cause almost total signal depression of the As analysis, but at 
high acid concentrations ( 5 M HCl) these effects are negligible within certain 
excesses of the interferent over the analyte. In all cases, As(V) was observed 
to be more susceptible to interferences than As(in). This may be due to its 
slower evolution, causing it to form after the precipitation of the interfering 
metals (Welz k Melcher, 1984a). I t has also been observed by the same au-
thors that Fe(in) can reduce the signal depression caused by Ni (n) , which 
is the most effective interferent (Welz k Melcher, 1984b). 
The extent of transition metal interference in hydride generation is very 
variable, according to each individual system used. I f the effect of interfer-
ence is kinetically controlled then the physical design of each system becomes 
significant. Continuous hydride generation systems reduce the contact time 
between the sample and the reagents, and so the arsines are rapidly evolved 
before the transition metal precipitates can have their effect. Also, the use 
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of high concentrations of acid will nninimalise interference effects (Welz & 
Melcher, 1986). 
When analysing environmental samples, i t is generally the relative con-
centrations between the analyte and the possible interferents that wi l l de-
termine whether interference effects wi l l be encountered. Interference-free 
analysis of natural waters, which in general have low concentrations of dis-
solved transition metals, have been reported (Comber & Howard, 1989). 
When analysing other samples (e.g. sediments), elements such as Fe can 
be present in great excesses of the As and masking techniques, such as the 
addition of ethylenediaminetetraacetic acid (EDTA) to the aqueous sample 
leachate, have been employed (Howard & Arbab-Zavar, 1981). 
1.5 The Humber Estuary 
1.5.1 B a c k g r o u n d 
The Humber estuary is well-mixed, macrotidal and situated on the east coast 
of England and discharges into the North Sea. Its catchment area, which 
is the largest of any British estuary, covers 26000ifcm^, which is equivalent 
to 20% of the area of England (Figure 1.2). Because of the vast size of 
the catchment area, it serves many major population centres, which, in 
1980 corresponded to 10.8 million people, or 23% of the total population of 
England (Gameson, 1982). 
The Humber Estuary is 62km long and is defined as the area east of 
Trent Falls, which is the confluence of the River Ouse and the River Trent, 
to Spurn Point (Figure 1.3). The main riverine discharges into the Humber 
are the Ouse and the Trent and their respective tributaries. The Ouse is 
t ida l for 62km and has 72km of tidal tributaries, the Wharf, Aire and Don. 
The tributaries of the Trent are now non-tidal due to man-made barriers, 
but the river itself is t idal for Sbkm. The whole Humber Estuary system 
totals approximately 313X:m of tidal waters (Gameson, 1982). 
The Humber catchment includes the cities of Leeds, Leicester, Notting-
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Figure 1.2: The shaded areas are the total catchment areas o f the Humber 
Estuary zuid the Thames Estuary. 
ham, Sheffield, Birmingham, Bradford, Derby and Stoke-on-Trent and so 
it receives many industrial and domestic discharges. The main areas of 
population on the estuary are Kingston-upon-Hull, Immingham, Grimsby 
and Cleethorpes and their sewage systems either discharge directly into the 
Humber, or the sewage sludge is dumped 20km off Spurn Point (Morris, 
1988). The banks of the estuary also support many industries, such as a 
non-ferrous ore smelter (RTZ) (this is the major source of As in the Hum-
ber), two oil refineries and several chemiced industries, which include the 
production of t i tanium dioxide pigments (Tioxide). The Himiber also has 
four ports, Goole (on the t idal Ouse), Immingham, Hull and Grimsby and 
they support a large nimiber of commercial vessels. There are many ab-
stractions f rom the Humber system but they are all for industrial purposes 
such as for cooling water for the power sations in this area. 
The Humber Estuary has l imited recreational uses. Yatching is not pop-
ular due to the very strong tides and commercial craft, and the only area 
"suitable" for bathing is at Cleethorpes. However, large areas of the estu-
ary are undeveloped and the mud flats and marshes of the upper estuary 
are classified as sites of special scientific interest and support significant 
populations of wildfowl. 
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Figure 1.3: The Humber Estuary and its river system. The tidal l imits of 
the rivers are indicated (after Gameson, 1982). 
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1.5.2 P h y s i c a l c h a r a c t e r i s t i c s . 
The freshwater flow into the Humber Estuary can be estimated as the sum 
of the Ouse and the Trent. The mean freshwater input to the Humber is 
246m^/j (cited in Turner, 1990), whilst in times of drought flow can reduce 
to below 40m**/5 (Gameson, 1982). The estuary has strong tidal ciarents 
with the high water wave travelling at ^Qkm/hT in the lower Humber and 
reducing to lOkm/hr in the upper Trent. The low water wave has an average 
value of l2kTn/hr. Occasionally a tidal bore occurs in the lower reaches of 
the Trent and less frequently in the Ouse. The average tidal amplitude at 
Immingham is 5m and the water remains slack for 40 - 45min5 after high 
and low water. The flushing time of the estuary is up to 40 days (Turner, 
1990). 
The Humber Estuary can, for convenience, be roughly divided into three 
areas as shown in Figure 1.4. The upper estuary, f rom Trent Falls to Hessle, 
is shallow and dynamic and consists of a bed of fine sand and silt, two 
thirds of which is exposed at low water. The low water charmel periodically 
migrates f rom north to south of Read's Island. The middle Humber, which 
is f rom Hessle to Inamingham, has less sand banks and has a channel near 
the north bank which exceeds bm below chart datimi. The lower Humber 
widens dramatically to a mouth which is approximately Skm wide. In the 
lee of Spurn Head is a vast area of mudflats and salt marshes (Spurn Bight), 
which has been estimated as having a 5cm seasonal change in level and 
contributing to the temporary storage of I0®m^ of sediments (Gameson, 
1982). The south bank in the lower Humber is particxilarly stable due to 
imderlying or exposed areas of boulder clay. The Himiber is coimected to 
the North Sea by three channels, exceeding 9m below chart datum, and the 
most northern of these continues up into the estuary. The estuary has a 
particularly high suspended sediment load, wi th maximum values close to 
Trent Falls. Geometric means of suspended solids concentrations, during 
1977-1987, ranged from SOnig/l at the mouth of the estuary to 300my// at 
Trent Falls, wi th extreme values in this area reaching in excess of 5000my// 
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Figure 1.4: Sand banks in the (a) Upper Humber; (b) Middle Humber; (c) 
Lower Humber. The shaded areas are banks exposed at chart datum. The 
dashed line represents the 4.6m contour below datum and the hatching rep-
resents the area enclosed by the 9.1m contour below datum (after Gameson, 
1982). 
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(Gameson, 1982). The Humber Estuary discharges an estimated 1 x lO^t/yr 
of sediment, however, 63400t/yT are deposited in the mudflats (McCave, 
1987). The volume of the estuary is slowly decreasing by the silting-up of 
the channels and land reclamation, and the reduction has been estimated 
to be 7% between 1851 and 1966 (Gameson, 1982). The main source of 
sediment to the estuary is f rom the Holderness coastline to the north of the 
estuary. This is eroding at a rate of 1.4 x iO^t/yr and 67% of which this 
is mud ( < 63/im). As a result of the residual currents along this coastline, 
some of this sediment is deposited in the Humber Estuary, but more is 
deposted in The Wash (McCave, 1987). 
1.5.3 W a t e r q u a l i t y o f t he H u m b e r 
The Humber Estuary is a recipient of many industrial discharges and sewage 
outfalls and so the tidal waters and sediments have elevated concentrations 
of metals, organic chemicals and sewage-related bacteria. The biological 
oxygen demand (BOD) of these inputs means that there is a persistent 
dissolved oxygen (DO) sag in the upper estuary near Trent Falls. This 
situation is worsened in the summer months when the fresh water discharge 
is low and the water temperature is high. Also, the average tidal excursion 
is Ibkm (Gameson, 1982) and hence a body of fresh water can have a long 
residence time in the upper estuary. This DO sag, in conjunction wi th the 
level of pollution, have been blamed for the decline in the salmon and sea 
trout migration up the estuary, which unti l 1890 had been significant. Since 
1965, no sizeable runs have been observed (Rees, 1982) and the absence 
of these pollution-sensitive fish is an indicator of the water quality in the 
estuary. 
The input of metals to the estuary is significant and includes As, Hg, 
Cd, Cr, Cu, N i , Pb and Zn, all of which have variable contributions f rom 
the rivers and the industry and sewage works on the banks of the estuary 
(Table 1.5). 
Since 1971, sewage sludge and industrial waste have been dimiped at 
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Table 1.5: The mean daily inputs of metals to the Humber Estuary during 
the period 1984 - 1986 (Edwards et al., 1987). 
Source Inputs (kg/day) 
As Hg Cd Cr Cu Ni Pb Zn 
Rivers 59 2.2 11.1 142 315 373 307 1068 
Sewage Effluents 3 0.8 1.9 91 20 17 22 147 
Trade Effluents 1080 0.2 7.6 702 102 70 71 128 
Total 1142 3.2 20.6 935 437 460 400 2495 
a site 20Jfcm west of the Humber Estuary (Morris, 1988). However, the 
dumping only provides a very small proportion of the metals and nutrients 
of this area, the rest is supplied directly f rom the estuary (Murray et al., 
1980). Table 1.6 gives data f rom 1976 on dumping in this area. 
1.5.4 Arsenic in the Humber 
One of the major metal inputs to the estuary is a copper ore smelter on 
the north bank of the upper Humber, near Brough. This discharge is al-
most totally responsible for the input of As to the estuary. There is a small 
contribution of As from the non-tidal rivers but this enters the estuary as 
a dilute source (Gardiner, 1982). Over the period of 1984-1986 the mass of 
As entering the Humber from this discharge increased from less than bOOkg 
per day in 1984, up to just below ilOOkg per day in 1986 (Edwards et al., 
1987). The original outfall was situated on the bank of the north shore and 
this gave rise to high dissolved As concentrations in this region. In 1986, 
the aimual average dissolved concentration of As was 36figAs/ly which was 
in excess of the Environmental Quality Standard (EQS) of 25^gAs/l 
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Table 1.6: The dumping of (a) sewage sludge and (b) industrial waste in the 
region 20jtm west of the Humber Estuary, 1976. Data from Murray et al. 
(1980), cited in Morris (1988). N / D = no data. 
Inputs {t/yr) 
Total 
mass 
SoUd 
content 
N P Hg Cd Cr Cu Ni Pb Zn 
(a) 1.7 X 10^ 6.9 X 10=* 300 104 0.2 0.1 10.1 7.8 3.3 5.1 31.3 
(b) 1.8 X 10'* 485 10 N / D < 0.1 < 0.1 0.5 32.5 < 0.1 0.1 18.5 
for total dissolved As in sahne water which is to support fish and shellfish 
(Table 1.7). In an attempt to reduce the dissolved As concentrations in the 
near shore region, and to enhance effluent dispersion, a sub-surface outfall 
into the main channel was commissioned in 1987. 
The results of the water authority surveys indicate maximum concen-
trations of dissolved As in the vicinity of the outfal l , wi th decreasing values 
up the estuary into the tidal waters and down the estuary towards the sea. 
During 1980-1982 the As concentrations decreased with increasing salinity in 
a roughly linear manner, reaching a minimum value at 75% seawater. This 
impUed a slow removal process of the As from the dissolved phase (Gardiner, 
1982). 
Intertidal sediments f rom the north shore (1983-1986) had a mean value 
ofbifigAs/g (Table 1.8). The seaweed, Fucus vesiculosuSy and the ragworm, 
Nereis diversicolor, both of which accumulate metals, were also examined 
(Table 1.8). The maximum levels in Nereis {l42figAs/g) were located ad-
jacent to the outfal l wi th levels significantly lower in the remaining estuary. 
Fticus, which is only present in the middle and lower estuary, showed a 
gradual decrease in As in a seawards direction (Edwards et al., 1987). 
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Table 1.7: Dissolved As concentrations in the tidal Ouse and Trent, and the 
Humber Estuary (after Edwards et al., 1987; Howard & Urquhart, 1988). 
Brough is the nearest location to the outfall . EQS=annual average, total 
dissolved As for freshwater and saline water which are to support fish and 
shell-fish, respectively. 
Dissolved Arsenic {fxgAa/l) 
Location 1986 1986 1987 
"Special Survey" Armual average Annual average 
Tidal Ouse 2-11 1-15 
Tidal Trent - 4-9 3-10 
Freshwater EQS = oOfigAs/i 
Humber Estuary 
Upper Whit ton 17.5 - -
Brough - 36 27 
Humber Bridge 14.3 - -
New Holland - - 5 
Albert Dock - 5 5 
Saltend 6.5 4 4 
Killingholme 3.0 - 1 
Spurn 1.2 2 1 
Seawater EQS = 2bfigA3/l 
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Table 1.8: Concentrations of As in sediments, seaweed [Fucus) and ragworms 
(i\ereis) f rom the Humber Estuary. The sediments were extracted using 
different procedures; a. IM HCl , b. unknown, c. concentrated HiVOz and 
d. ashing at oOO°C for Ihr and analysed by. X-ray fluorescence. 
Reference Sample Arsenic {figAs/g) 
Min . Max. Mean 
Langston (1980) Sediments'* 18 94 -
1978 Fucus 26 34 -
Nereis scrvbicularia 13 27 -
Gardiner (1982) Suspended sediment* - - 69 
May 1980 
Edwards et ai. (1987) Intertidal sediment*^ 24 156 54 
1983-1986 Fucus vesiculosus 13.3 54 31 
Nereis diversicolor 3.5 142 21 
Grant & Middleton (1990) Intertidal sediments'' 55 173 103 
1988 
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Figure 1.5: The catchment area of the Thames Estuary. Teddington Weir 
is the tidal l imi t . 
1.6 The Thames Estuary. 
The Thames Estuary is well-mixed and macrotidal, with a catchment area 
of 9900ibm2 (Figure 1.2). The tidal l imi t is at Teddington Weir, which is 
approximately lOOfcrn from the mouth of the estuary at Southend (Fig-
ure 1.5).The average freshwater flow at the weir is 6 7 m ^ / j , after abstraction 
from the 236fcm long river (Morris, 1988). The mean tidal range at Southend 
is 5.1m at springs and 3.3m during neaps, wi th an average tidal excursion 
of 12 to leJbm (Inglis & Allen, 1957). The flushing time of the estuary is 
20 to 75 days (Turner, 1990). The middle estuary is sometimes stratified, 
but i t is generally considered to be well-mixed. There is a net upstream 
transport of sediments, which results in a turbidity maximum. The Thames 
Estuary receives sewage and industrial wastes from the large population in 
its catchment area which has resulted previously in the severe depletion of 
dissolved oxygen in parts of the estuary. The dissolved metal inputs to the 
estuary from the rivers are shown in Table 1.9. The outer Thames Estuciry 
has received sewage sludge dumping since 1887, and this has progessed fur-
ther from the estuary with dimiping in the Barrow Deep starting in 1967 
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Table 1.9: The input of riverine dissolved metals {kg/d) to the Thames 
Estuary (Hi l l et al., 1984). (a) Best average estimate, and (b) worst average 
estimate. 
Inputs {f^g/d) 
As Hg Cd Cu Cr Ni Pb Zn 
(a) 7 0.2 5 22 11 34 16 198 
(b) 19 3 7 70 72 84 74 199 
Table 1.10: Sewage sludge dumping in Barrow Deep in 1976, cited in Morris 
(1988). 
Sewage Sludge Dumping 
Total 
mass 
Solid 
content 
N P Hg Cd Cr Cu Ni Pb Zn 
4.4 X 10® 1.1 X 10^ 8800 1900 1.42 6.9 54.4 93.7 28.9 118.0 395.7 
(Morris, 1988). Table 1.10 shows data on sewage sludge dimiping in the 
outer Thames Estuary in 1976. At present there are three disposal sites, 
Roughs, Barrow Deep and South Falls which is near Margate, but the bulk 
input is to Barrow Deep (Parker, 1988). The load discharged to the Thames 
Plume area peaked at 5.2 x lO^t wet weight in 1979 to 1981, and declined 
steadily to 4.4 x 10®t in 1984 (Parker, 1988). 
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1.7 The southern North Sea and the N E R C North 
Sea Project. 
The North Sea is defined as the area between the UK and mainland Europe, 
with a northern l imi t of 6 2 ° ^ . It has an area of approximately 575000im^ 
and a volume of 40.3A:m^ (Reidel et al., 1988). The average depth ranges 
from 30 to 200m with maximum depths in the Norwegian Trough (600m). 
In winter, most areas are well-mixed c i n d in the sunmier, stratification builds 
up in the northern, deeper area and along the Northumbrian and Denmark 
coasts. The southern North Sea, which was studied in the NSP and bounded 
by SS.e^N, remains well-mixed in most areas. The Flamborough Front is a 
region where the southern mixed water meets the stratified, northern water. 
The general circulation of the North Sea is in an anticlockwise direction, 
with water entering from the English Channel and the North Atlantic. These 
two bodies of water supply most of the suspended particles to the North Sea 
at a rate of 22 - 30 x 10® and 10.4 x lO^t/yr, respectively. The rivers 
entering the North Sea supply 4 .8x l0®t /yr (Eisma & Irion, 1988). Areas of 
deposition include the estuaries, Silver Pi t , The Wash, Waddensea and the 
German Bight, totalling 4bx\0^t/yr. Storm events cause the erosion of the 
shallow southern North Sea of which large areas are sandbanks. The North 
Sea has a total river input of 7000m^/3 plus a further 30Q0m^/5 due to the 
excess of precipitation over evaporation. 
Inputs to the North Sea 
The major rivers which discharge to the North Sea are the Tyne, Tees, 
Humber, Thames, Scheldt, Rhine, Meuse, Ems, Weser and Elbe. The UK 
has 10 to 15% of the total river flow to the North Sea (Wood et al., 1986). 
The freshwater discharge and the catchment cireas of the more important 
rivers in this study are is given in Table 1.11. The Rhine/Meuse system is the 
major riverine source of As to the North Sea contributing 234 to 672kg/d 
(Table 1.12). The UK has by far the largest direct input of As which is 
29 
Table 1.11: The freshwater discharge and the catchment areas of some of 
the rivers surrounding the North Sea. Data from Gameson (1982), Kramer 
& Duinker (1988), Morris (1988) and Turner (1990). 
River Catchment area 
(km^) 
River flow (m^/s) 
Mean Range 
Humber 26000 246 60 - 450 
Thames 9900 67 9 - 210 
Scheldt 21580 100 40 - 350 
VVeser 44304 326 120 - 1181 
Elbe 148500 726 145 - 3620 
Rhine 224000 2200 980 - 9400 
Meuse 33000 230 10 - 1800 
mainly from industrial sources, with 559 to S62kg/d. This is comparable to 
the total input of the Netherlands which is mainly riverine (Table 1.13). A 
more detciiled breakdown of the inputs of As by the UK is given in Table 1.14. 
Overall, the estimated input of As to the North Sea via riverine sources is 
200 to ob8t/yr and f rom atmospheric deposition i t is 140 to 360t/yr (Hi l l et 
al., 1984). For comparison, the concentration of As in each river system can 
be approximated using the estimated As inputs and the mean freshwater 
discharge. A l l the rivers have similar calculated As concentrations which 
range from 0 to ^.TfigAs/l (Table 1.12). This shows that although some 
rivers, such as the Rhine/Meuse, discharge the greatest quantity of As, there 
are l i t t le differences in the concentrations entering the North Sea. 
In addition to As, metals and other compoimds, there is a large input 
of nutrients to the North Sea via sewage disposal and land drainage from 
arable land. The UK and the Netherlands are the only North Sea-bordering 
coimtries to dispose of sewage at sea. The UK discharges 405 X lO'^t/yr of 
sewage sludge by dumping, and 30 X IQ^t/yr by pipeline. The Netherlands 
discharges 25 x lO^t/yr by pipeline only (Parker, 1988). However, the UK 
only contributes 10% of the total nutrient input. From 1938 to 1974 the 
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Table 1.12: As discharged by rivers to the North Sea via the major estuar-
ies, (a) best average estimate, (b) worst average estimate (Hi l l et al., 1984). 
The concentration of As was estimated from the mean river discharges (Ta-
ble 1-11) and the estimated As inputs. 
As i nput Estimated 
Country River [kg/d) As cone. 
(a) (b) ifigAs/l) 
UK Humber 26 77 1.2 - 3.7 
Thames 7 19 1.2 - 3.3 
West Germany Elbe 0 229 0 - 3.7 
VVeser 0 90 0 - 3.3 
Netherlands Rhine/Meuse 234 672 1.1 - 3.3 
Schelde 0 21 0 - 2.5 
Total Riverine Load 548 1528 
Table 1.13: As entering the North Sea from each country, based on estimates 
for 1980 and 1981 (Hi l l et al., 1984). 
Coimtry As (kg/d) 
Direct Rivers Total 
Norway 
Sweden 
Denmark 
West Germany 
Netherlands 
Belgiimi 
UK 
0.4 
0.2 
0.1 
0.9 
0.7 
0.3 
559 to 562 
32 to 53 
0 to 33 
0 to 2.5 
0 to 397 
400 to 865 
116 to 196 
32 to 53 
0.2 to 33 
0.1 to 2.6 
2 to 381 
400 to 866 
0.3 
675 to 759 
Total 600 600 to 1500 1200 to 2100 
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Table 1.14: The UK inputs of As to the North Sea (Wood et al., 1986). 
Input As (kgid) 
Rivers 
Sewage 
Industrial 
Dumping 
104 to 186 
30 
548 
3 
Total 685 to 767 
phosphate concentrations of the German Bight increased and this may be 
responsible for the occurrence of toxic algal blooms (Parker, 1988). Increases 
in the phytoplankton standing crop may play a significant role in the cycling 
of As in the North Sea. 
The N E R C North Sea Project 
In recent years there has been considerable concern over the pollution sta-
tus of the North Sea, and in the "Second International Conference on the 
Protection of the North Sea" (Scientific & Technical Working Group, 1987) 
i t was decided that the supply of pollutants to rivers and estuaries should 
be reduced by 50%. This has instigated the UK government to f imd the 
North Sea Project (NSP), a 5 year multidisiplinary research programme 
running from 1987 to 1992 and coordinated by Proudman Oceanographic 
Laboratory (POL). The aim of the project is to produce seasonal and pro-
cess models of the North Sea in order to predict the impact of contaminants 
on this semi-enclosed sea, which is surroimded by heavily populated and in-
dustrialised coimtries. In order to construct these models it is necessary to 
imderstand the transport of conservative constituents in the marine environ-
ment, in addition to the sources and sinks of non-conservative elements and 
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compounds. To acheive these goals i t was necessary to combine physical, 
chemical, biological and sedimentological studies. 
The project included 15 months of 12 day-long cruises around an approx-
imately 2000 mile survey track of the southern North Sea, wi th particular 
attention paid to the estuarine plumes. The remainder of each month was 
dedicated to process cruises which investigated areas in more det2ul, for ex-
ample, the Humber Plume. A l l cruises were carried out by RRS Challenger^ 
which is a 54.3m, specially designed vessel. A comprehensive data base was 
built up over the North Sea during the 15 month period. The basic data in-
cluded salinity, temperature, dissolved oxygen, transmittance, fluorescence 
and irradience. In addition to this, there was data on nutrients, trace met-
als and organic compounds. Interactions between the atmosphere, the water 
column, the sediments and the biota were also investigated. 
Data f rom the project was compiled on the NSP Data Base which was 
accessed by members o f the project.- However, at the time of wri t ing this 
thesis the database was incomplete and some peripheral information is ab-
sent f rom the discussions. 
1.8 Objectives of this work. 
The main objective of this study was to investigate whether estuaries are a 
source of methylated As to the North Sea. This was to be acheived by: 
0 Developing suitable analytical techniques for the detection and quan-
tification of inorganic and organic As compounds in the marine envi-
ronment. 
0 Sampling and analysis from the water column, suspended and bed 
sediments, and porewaters in the estuarine and plume environments, in 
addition to the southern North Sea. Also to gather relevant supporting 
envirorunental data. 
o Quantifying the removal of As from the water column by phytoplank-
ton. 
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• Developing a conceptual model using the data, thereby arranging a 
framework for its inclusion in the 3 - D hydrodynamic model of the 
North Sea, currently under development at POL, 
34 
Chapter 2 
Analy t ica l Methods 
2.1 Technique development for arsenic analysis 
Inorganic arsenic (As(III ) and A s ( V ) ) , monomethylarsenic ( M M A ) , dimethy-
iarsenic ( D M A ) were determined in environmental samples by hydride gen-
eration - atomic absorption spectroscopy (HG-AAS). 
Initially, a direct coupling of the continuously hydride generating unit 
with atomic absorption spectroscopy enabled the detection of inorganic As. 
The introduction of a hydride trapping and pre-concentrating system al-
lowed the detection and quantification of M M A and D M A . Considerable im-
provement in the sensitivity of the system for inorganic As was also achieved. 
2 .1 .1 Inorganic arsenic analysis 
Arsines are generated from an acidiRed aqueous sample by their reduction 
with a NaBH4 . The kinetics of their formation is variable, wi th the reduc-
tion of As(III) being the most rapid. As(V) does not form a hydride and 
first has to be reduced to As(III) (Aggett & Aspell, 1976). The response of 
each As species (As{in), As(V), M M A , D M A ) to hydride formation is de-
pendent on the the acid concentration, with a high concentration favouring 
As(ni) and As(V) (Ward, 1982; Hinners, 1980). For the determination of 
inorganic As, 6M HCl was chosen, and this high acid concentration had the 
benefit of reducing trace metal interferences (Aggett & Hayashi 1987; Welz 
35 
& Melcher, 1986). When dealing wi th filtered seawater samples f rom the 
Hiunber Plume the organic As species had significantly lower concentrations 
than the inorganic As, at most contributing only 18% to the total As con-
centration. This coupled wi th unfavourable conditions for the generation of 
arsines f rom the organic species, provides a good approximation of inorganic 
As. 
A schematic diagr2im of the analytical system, and the conditions used 
for the analysis are shown in Figure 2.1 and Table 2.1 respectively. Reagent 
concentrations, the nitrogen purge and the air-acetylene flame were all op-
timised to give the maximum sensitivity. A commercial hydride generator 
was used (P.S. Analytical) in conjunction with an atonuc absorption spec-
trometer (Pye Unicam, model SP9). The hydride generator was fitted with 
a peristaltic pump, an electrically operated switching system and a con-
ventional glass, gas-liquid separator. A solution of 27ow/v NaBH4 (BDH. , 
Spectrosol) was pumped at 2 .5m/ /min and mixed at a T-junction wi th 6M 
HCl being pimiped at l.Sml/min. An aqueous sample, acidified to 6M 
with hydrochloric acid (BDH.,AnalaR) and also pumped at l.Sml/min, was 
switched in place of the acid blank for the required analysis time. On mix-
ing, the reacting solution was introduced to a gas-liquid separator where 
the hydrides generated were flushed by nitrogen (140m//min) into the atom 
cell. The separator was designed with a U-bend so that excess l iquid would 
drain away and a constant level maintained within the vessel. Occasionally 
excessive frothing , or pulsing, occurred in the separator which increased the 
signal noise. This was overcome by adding 2ml of an anti-foziming reagent, 
di-n-butylphthalate, to the reacting solution. 
Atomisation of the arsines took place in a quartz, 12cm long, T-shaped 
atom cell which was heated externally by an air-acetylene flame f rom a 
10cm slot burner. The atomic absorption was measured at 193.7nm and 
was recorded using a chart recorder (JJ Instnunents). A typical peak is 
shown in Figiire 2.2. The analysis interval was dependent on the peak 
shape reaching a maximum level, ie. the "rise t ime", after which a constant 
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Figure 2.1: The system used for arsenic analysis by continuous hydride 
generation coupled with atomic absorption spectroscopy (HG-AAS). 
Table 2.1: Conditions for inorganic arsenic analysis using continuous hydride 
generation. 
Reagents 6M HCl (AnalaR, BDH) 
2% NaBH4 (Spectrosol, BDH) 
Flow Rates NaBH4 - 2.5ml/min. 
HCl - 7.8ml/min 
Sample - 7.8ml/min 
Hydride Generator 
(PSAnalytical) 
Analysis Interval-Imin. 
Delay Interval-lmin. 
N2 Purge-250ml/min 
Flame AAS 
(Pye Unicam, SP9) 
Wavelength-193.7nm 
Lamp current-8mA 
Bandpass-Inm 
Damping-2s 
Chart Recorder 
(JJ CR650A) 
Speed-lOmm/min 
Sensitivity-lOmv 
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Figure 2.2: A typical inorganic As peak formed when analysing a lO^gAs/l 
As( l I I ) standard using continuous hydride genration coupled with atomic 
absorption spectroscopy. 
reading was obtained. When the sample interval ceased there was a rapid 
decay back to the baseline. One of the major advantages of the continuous 
hyride generation system was that any As contributions f rom the reagents 
were incorporated into the baseline reading and the arsenic f rom the sample 
was superimposed onto this backgroimd level, ie. the peak. 
The detection l imi t , based on 3 times the standard deviation of 10 blank 
measurements, is approximately l^gAs/l and the relative standard devia-
tion (RSD) based on the peak height of those signers is 3.8%. 
2.1.2 A r s e n i c speciat ion 
The speciation of inorganic As, M M A and D M A was carried out in a sim-
ilar manner to that described in the previous section, with the addition 
of an arsine trapping procedure. This procedure is based on the method 
described by Howard Sc. Arbab-Zavar (1981). A glass U-tube, packed wi th 
glass beads was cooled to -196' 'C by liquid nitrogen, and the arsines and hy-
drogen, which were generated in the reacting mixture, were flushed through 
it wi th nitrogen. The condensation of the arsines on the beads acted as 
a pre-concentration step, which was essential for the determintion of low 
quantities of As in the environmental samples being examined. By allow-
ing the trap to warm up gradually to room temperature the arsines purged 
off i n a series of pidses. As each arsine derivative reached the quartz cell 
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Figure 2.3: Typical peak separation of inorganic As (As(in) and As(V) ) , 
M M A and D M A when using continuous hydride generation, coupled wi th a 
cryogenic trap and atomic absorption spectrometry. 
i t was atomised and its absorbance was measured at 193.7nm. The time 
between removing the trap f rom the liquid nitrogen and the detection of the 
As peaks was reproducible, and each species could be identified by analysing 
standards containing only one of the As species at a time. Under the condi-
tions stated, the inorganic As peak was detected 30 seconds after removing 
the trap, followed by M M A , which took 55 seconds and lastly D M A which 
took 70 seconds. A typical chart readout of the peak separation is shown in 
Figure 2.3. 
One of the main adaptations of the previous method (Section 2.1.1) 
was the "in-line" acidification of the sample with HCl . This significantly 
reduced the total handling time of each sample, which was very important 
when dealing with large numbers of samples with a l imited storage time. In 
order to maintain a constant dilution within the gas-liquid separator, and 
hence minimum signal noise, a distilled water blank was switched in place of 
the sample. The configuration of the equipment used is shovm in Figure 2.4. 
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Because the hydride generation was a continuous system i t was essential 
that a "steady state" within the trapping system was reached and main-
tained for as long as possible so that calibrations, and the analyses of sam-
ples, could be performed. The major problem with achieving this objective 
was the glass bead trap which was prone to blockages f rom the freezing 
of water vapour in the gas stream. Howard & Arbab-Zavar (1981) recom-
mended that N'aOH could be used to dry the gas stream without removing 
any of the arsines. Two U-tubes, one packed with pellets and the other 
with "pearl" NaOH, were placed prior to the glass bead trap. In order to 
prolong the lifetime of the NaOH, a glass spray chamber, submerged in ice, 
was connected between the gas-liquid separator and the drying traps. An-
other critical factor in the extended running time of the system was the size 
of the glass beads, and hence the size of the spaces between them, in the 
cryogenic trap. Initially, 40 mesh glass beads were chosen as they provided 
a high surface area for the condensation of arsines, but these proved to be 
highly prone to building up back pressure. Larger beads, which were 1.5mm 
in diameter, were substituted and these significantly increased the time in 
which the system could be used without loss in sensitivity or serious dr i f t ing. 
The formation of organic arsines was favoured by a low acid concentra-
tion, so IM HCl was chosen for the analysis (Ward, 1982). However, at 
this acid concentration the response of As(V) is significantly reduced, and 
the ratio, As(V):As(in) was approximately 29% (see Figure 2.5). Similar 
discrepances in the responses of the inorganic As species to various acid con-
centrations have been reported (Vijan et al., 1976; Arbab-Zavar & Howard, 
1980). I t later became evident that i t was impractical to analyse simultane-
ously for inorganic and organic As due to their large differential sensitivites 
and their relative abundances in the samples. In order to analyse for in-
organic As it was necessary to increase the signal response of As(V) with 
respect to As( [ I I ) , this was achieved by increasing the acid concentration 
from liV/ to 6Af HCl which gave a maximum response of As(V):As(in) of 
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Figure 2.4: The system used for As, comprising of continuous hydride gen-
eration coupled wi th a cryogenic trap and atomic absorption spectrometry. 
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Figure 2.5: The relative response of As(V) to As( l I I ) at various acid con-
centrations during analysis by hydride generation. 
66%. Since the major proportion of inorganic As in well oxygenated sea-
water is As(V), the analysis was calibrated using As(V) standards. The 
technique was more sensitive to inorganic As than to M M A or D M A . The 
detection Umit for inorganic As, based on 3 times the standard deviation of 
10 blank measurements, was approximately 0.2^gA3/l or O.Sng. This was 
equivalent to a sample volume of 4m/ which took 30 seconds to be pumped 
into the hydride generating vessel (Table 2.3). The l imit ing factor wi th the 
detection l imi t for inorganic As was the contribution of As from the reagents. 
However, this was low enough to aUow the analysis of seawater. 
The analysis of M M A and D M A , under the optimum l A f HCl conditions, 
was less sensitive than the inorganic As analysis, due to peak broadening 
which was caused by them purging more slowly from the glass bead trap. 
This coupled with the concentrations of M M A and D M A in the seawater 
being as low as 0.02/i<7i4s// meant that a large volume of sample was re-
quired so that there would be sufficient organic As for detection. In order 
to achieve this level of detection it was necessary to pimip-up 80m/ of the 
seawater sample which required 10 minutes. W i t h respect to the analysis of 
M M A and D M A the trap needed "conditioning" before reproducible results 
could be obtained. This involved the repeated trapping of standards, at the 
equivalent level of the samples, unti l good speciation (i.e. peak separation 
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and shape) was achieved. This process is believed to be due to the organo 
arsines blocking any active sites on the glass beads. When the surfaces 
have been deactivated, the arsines are trapped on the beads by a change 
in physical conditions ie. cooling, rather than by chemicsd processes. The 
reproducibility of the trapping system was further improved by deactivat-
ing the surfaces of the glass beads by treating them with a 10% solution of 
trimethylchlorosilane in methanol (Van Cleuvenbergen et al., 1988). This 
procedure had to be repeated when reproducibility was lost which was after 
approximately 50 analyses had been made. The nmning of standards signif-
icantly higher than 4figAs/l caused an "overloading" of the trap, whereby 
significant quantities of the organic arsines were not retained because there 
were insufRcient sites available on the glass beads. 
The selective determination of As(II I ) f rom an aqueous solution contain-
ing inorganic As ie. As(in)-^As(V), has been reported (Aggett & Aspell, 
1976). The method exploits the dependence of As(V) on the pH of the re-
acting solution. The acjd line in the equipment described previously was 
replaced by a buffer comprising of 0.1 M sodium acetate which was adjusted 
to pH5 with acetic acid. At this pH, and using As(in) and As(V) standards 
of equivalent concentrations, signals were only obtained from As(in) which 
is independent of pH changes. However, when very low As(II I ) standards 
(eg. O.ObfAgAa/l) were being analysed, high As(V) standards {bfigAs/l) gave 
equivalent peak heights. The validity of this method when analysing sam-
ples which have a high As(V) to As(in) ratio, such as in well oxygenated 
waters, is therefore doubtful. Since the major aim of this study was to 
detect methylated As species in seawater, which required significant time 
for method development, the problems with selectively analysing for As(in) 
were not pursued. 
The conditions used and the procedure for the analysis of both inorganic 
and organic As are given in Table 2.2. The precision of the cinalysis was 
measured for each species in terms of the relative standard deviation (RSD) 
of the signal peak height of 10 replicate samples, these values and also the 
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detection limits are given in Table 2.3. The detection limits for M M A and 
D M A were not restricted by contamination in the reagents because this was 
only inorganic As. 
2.2 Arsenic determination in natural samples 
2.2 .1 A r s e n i c in suspended part ic les and sediments 
Inorganic As was determined in suspended particles and sediments using 
either continuous hydride generation (Section 2.1.1), which was usually more 
appropriate for As concentrations in bed sediments or, i f a lower detection 
l imit was required, as with As in suspended particles, the more sensitive 
hydride trapping method (Section 2.1.2). Sediment and suspended particle 
samples were washed in approximately 10m/ of distilled water to remove any 
salt which would give spurious sediment weights. They were then freeze-
dried or air dried to constant weight. Initially, two chemical extractions 
were compared, both of which were designed to remove the hydrous oxide 
phases of iron and manganese, with which As is strongly associated (Maher, 
1984/85; Marsh 1983; Neal et al., 1979). 
Sediment extracts were prepared by adding 20m/ of leaching medium to 
approximately 0.5^ of a dried sediment sample and leaving it for 12 hours. 
The leachate was then filtered and diluted to 50m/ or 100m/ depending 
on the anticipated As concentration. Prior to the NSP, sediments were 
extracted with O.OSAf hydxoxylamine hydrochloride in 25% acetic acid. The 
NSP required that l A f HCl became the standard for all trace metal analysis. 
For inorganic As analysis, using continuous hydride generation, an aliquot 
of each sample leachate was acidified to 6M HCl . When using hydride 
generation coupled wi th the cryogenic trap acidification of the sample was 
carried out by "in-line" mixing during the analytical procedure. Fe analysis 
was performed by flame AAS as described in Section 2.3. 
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Table 2.2: Conditions for arsenic speciation in seawater using hydride gen-
eration coupled with a cryogenic trap and AAS. 
Reagents 6M HCl (AnalaR, BDH) for Inorganic As analysis 
I M HCl (AnalaR, BDH) for M M A & D M A analysis 
2% NaBH4 (Spectrosol, BDH) 
NaOH pearl, pellets (AnalaR, BDH) 
Reagent Flow Rates NaBH4 - 2.5ml/min 
I M / 6 M HCl - 7.8ml/min 
Distilled Water - 7.8ml/min 
Sample - 7.8ml/min 
Standards Arsenic trichloride (Spectrosol, BDH) 
Sodium arsenate (heptahydrate), (BDH) 
Methylarsonic acid (disodium salt) 
Dimethylarsinic acid (sodium salt) 
Hydride Generator 
(PSAnalytical) 
Delay - 5secs. 
Rise Time - 5secs. 
Analysis Time - Inorganic As - 5-30secs 
Analysis Time - M M A , D M A - 5-lOmins 
Memory Time - lOsecs. 
N2 Purge - 80ml/min 
Flame AAS 
(Pye Unicam, SP9) 
Wavelength - 193.7nm 
Lamp Current - 8mA 
Bandpass - I n m 
Damping - 2secs 
Air - 16mm (rotameter reading) 
Acetylene - 35mm (rotameter reading) 
Chart Recorder 
(JJ CR650A) 
Sensitivity - lOmv 
Speed - lOmm/min 
Procedure 1. glass bead trap cooled in l iq . N2 
2. sampling sequence started 
3. Scunpling completed 
4. trapping continued for I m i n 
5. glass bead trap removed f rom liquid N2 
6. inorganic As, M M A , D M A purge off trap 
7. glass bead trap returned to l iq . N2 
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Table 2.3: The detection limits and levels of precision for the analyses of 
inorganic As, M M A and D M A . 
As 
Species 
RSD 
% 
Detection Limits Vol. of 
sample 
reqd. 
Time for 
s£Lmple 
up-take 
txgAs/l ngAs 
As(III) & As(V) 6.1 0.20 0.8 4 m l 0.5 mins 
M M A 9.7 0.01 0.8 80 m l 10 mins 
D M A 7.1 0.02 1.6 80 m l 10 mins 
Compar i son o f sediment leaches. 
The leaches to be compared were 0.05M hydroxylamine hydrochloride in 
25%v/v glacial acetic acid (Tessier et al., 1979; Chester & Hughes, 1967) 
and IM HCl (Luoma & Bryan, 1981). Both leaches were chosen because 
they extract the weakly-bound metals within the sediments which are as-
sociated with the Fe and Mn oxyhydroxides. This provides information on 
the bioavailability of metals to the marine environment, rather than the 
total metal content of the sediments. The hydroxylamine hydrochloride-
acetic acid leach had been used previously in this laboratory on work that 
had been carried out in European estuaries and their plumes (Turner et al., 
1990), and providing a compatible data set was advantageous. This leach 
was initially used in the early stages of this study which involved the surveys 
of the Humber Estuary. 
In the case of the North Sea Project (NSP), IM HCl , which has similar 
extraction properties to hydroxylamine hydrochloride-acetic acid, was se-
lected as the standard for all trace metal analysis wi thin the project. I t was 
chosen because of the need to reduce possible reagent contamination associ-
ated wi th the digestion of small quantities of supended materials, which can 
be as l i t t le as lOmg of sediment per sample. Since the suspended particle 
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samples from the NSP were to be leached in l A f HCl , i t was necessary to 
examine the extraction behaviour of the two leaches. This enabled a com-
parison to be made between the data from the Humber Estuary and from 
the North Sea. 
A 20cm deep sediment core sample from the Humber Estuary was sec-
tioned and divided into subsamples. One subset was leached wi th 0.5M hy-
droxylamine hydrochloride in 25% acetic acid and the other set wi th 1 Af HCl 
( B D H , Aristar), the leachates were then analysed for inorganic As and Fe 
(Figure 2.6). For both elements the IM HCl leach gave consistently higher 
results although the trends were somewhat similar. W i t h inorganic As the 
hydroxylamine hydrochloride-acetic acid leach gave results which were, on 
average, only 26% of the values given by the IM HCl leach, wi th Fe this 
value was 38%. A similar discrepancy between the two leaching media 
was also found by Luoma & Bryan (1981) who suggested that the hydroxy-
lamine hydrochloride-acetic acid leach becomes less effective w i th the ageing 
of Fe precipitates, and hence its increasing cryst alii nit y. Loring and Rantala 
(1988) attribute differences in the leaches due to IM HCl extracting alu-
minosilicates in addition to oxyhydroxides. These differences are indicated 
by the relationships between inorganic As and Fe. The results f rom the hy-
droxylamine hydrochloride-acetic acid leach show that the inorganic As and 
Fe are strongly correlated (r=0.94) whereas with IM HCl the correlation is 
weak (r=0.35). Langston (1980) foimd a poor correlation between As and 
Fe with surface sediments f rom the Humber Estuary (May 1978), although 
the As and Fe from other estuaries in the UK were highly correlated. This 
discrepancy in the Humber sediments was explained in terms of enrichment 
of As in the sediments in the vicinity of the As-rich outfal l . This illustrates 
the point that IM HCl extracts inorganic As and Fe from different phases, 
as well as the oxyhydroxide phases. 
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Figure 2.6: Inorganic As and Fe profiles f rom a core taken in the Humber Es-
tuary near Grimsby. Subsamples were leached in (a). 0.05Af hydroxylamine 
hydrochloride in 25% acetic acid and (b). IM HCl. 
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The effect of Fe(III) on arsine generation. 
Transition metals have been widely reported as interfering in the hydride 
generation process, and in most cases causing a suppression of the As signal 
(Welz & Melcher, 1984a; Aggett & Hayashi, 1987). This can cause problems 
when analysing sediment extractions which contain high levels of transition 
metals. Sediment samples from the Humber Estuary, are abundant in Fe 
and the concentrations can be upto a 2000 fold excess over inorganic As. In 
order to quantify the effect that the Fe has on the inorganic As analysis, 
an As(II I ) standard, which was of a typical sediment leachate concentration 
(6.5/i^i4j/i), was analysed with successive quantities of Fe(III) added to 
i t . To reflect possible sediment leachate concentrations, Fe(ni) was added, 
ranging from 1 - IQOmgFe/l, which is equivalent to an excess of Fe over As 
varying from approximately 150-15000 fold. The As analysis was performed 
using continuous hydride generation (ie. no trapping mechanism) and the 
standards were made up in 6M HCl. This high acid concentration was 
used because it has been reported that it reduces trace metal interference 
(Welz & Melcher, 1986). Unfortunately it was not possible to use a Fe(III) 
stock standard which did not have quantities of inorganic As in i t . Since 
the lOQOmgFe/l stock standard used ( B D H , Spectrosol) was found to have 
O.lbmgAs/l^ it was necessary to produce a calibration of the As in the Fe 
standards. The results shown in Figure 2.7 give the As signals obtained 
when 1, 10, 25, 50 and 100 mgFe/l are added to a stcindard of Q.S^gAa/l 
(line a.) and the equivalent signals obtained from the Fe standards only 
(line b.). Linear regressions were performed on both data sets and the 
difference between these two lines represents the As signal which has been 
suppressed by the addition of Fe, as summarised in Table 2.4. I t can be 
seen that when dealing with sediment sample leachates from the Humber 
Estuary at the normal relative abundances of Fe and As, the signal may be 
reduced by upto 6%. However, the presence of Fe(ni) in the leachates may 
have some beneficial effects as i t has been reported that i t suppresses Ni(n) 
interferences which are more acute than those of Fe(ni) (Welz & Melcher, 
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As 
Fe mg/l 
Figure 2.7: The As signal f rom (a) a e.bfigAs/l standard wi th additions of 
Fe(III) standards and (b) Fe(m) standards only. 
Table 2.4: The extent to which a signal from an As(in) standard (6.btigAs/l) 
is suppressed by various additions of an Fe(III) standard. 
Fe added As signal Fe:As 
to standard suppression in standard 
mgFe/l % 
1 5.0 150 
10 5.5 1500 
25 6.6 3850 
50 8.2 7690 
100 11.5 15000 
1984b) 
2.2.2 Arsenic speciation in seawater and porewaters 
Filtered seawater samples (0.45/im Nuclepore, filter membrane) were col-
lected and stored at 4''C in the dark in order to prevent any further bio-
logical activity (Cheam & Agemian, 1980). These samples were analysed 
for inorganic As (As(ni) and As(V) ) , M M A and D M A using hydride gen-
eration coupled wi th a cryogenic trap as described in Section 2.1.2. The 
samples did not require any pretreatment prior to analysis. 
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Porewater samples were stored and analysed in the same manner as 
the seawater samples. However, the analysis of the organic As species was 
restricted by the limited volume of each sample available, i.e. 10 - 15mr 
2.2.3 Validation of the method of arsenic speciation in sea-
water 
Throughout this study the detection limits for inorganic As, M M A and D M A 
were continually improved. Initially only the analysis of inorganic As was 
sensitive enough for its detection in seawater. A t this stage sampling in the 
North Sea had only been carried out in winter, during which time levels of 
M M A and D M A were expected to be at their lowest values ( < OMfigAs/l) 
and so were not delectable. As the detection limits of M M A and D M A 
were lowered by further optimisation of the system, and prior to the onset 
of further sampling in the Himiber Estuary and North Sea, a survey was 
carried out in the nearby Tamar Estuary (Jime 1989), in order to validate 
the method. 
Filtered seawater samples (0.45/im Millipore, filter membrane) were anal-
ysed for inorganic As , M M A and D M A . Good separation of the different 
species during the analysis was achieved and the organic species were easily 
detectable. Inorganic As ranged f rom 2-7/ipi43// and both M M A and D M A 
ranged from 0.2 - l.OfigAs/l (Figure 2.8). Throughout the sample cirea the 
levels of M M A were marginally higher than D M A . The concentrations and 
distribution were similar to earlier results f rom the estuary (Walton, 1986; 
Howard et al.,1988), except that values of D M A were slightly higher than 
M M A . This difference may have been due to the unusually high average 
water temperature (IS^C), and the low river discharge in June 1989, re-
sulting in a possible change in the dominance of the species of methylating 
phytoplankton. Nevertheless, this pilot study showed conclusively that the 
method was satisfactory for natural water samples. 
The effect on the samples due to ageing processes was investigated by 
taking two of the Tamar samples, one with low levels of dissolved organics, 
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Figure 2.8: Dissolved inorganic As, M M A and D M A in the Tamar Estuary, 
June 1989-
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Table 2.5: The effect of storage at 4**^, in the dark, on dissolved M M A and 
DMA in samples from the Tamar Estuary. 
M M A 
ftgAs/l % Decrease Decay 
Sample 3 days 
old 
30 days 
old 
in 
27 days 
rate 
% per day 
A 0.35 0.2 43% 1.6% 
B 0.84 0.54 36% 1.3% 
D M A 
% Decrease Decay 
Sample 3 days 
old 
30 days 
old 
m 
27 days 
rate 
% per day 
A 0.24 0.22 8% 0.3% 
B 0.54 0.47 13% 0.5% 
and the other with high levels, and analysing them again after they had been 
stored at 4**^ in the dark for 30 days. The results are shown in Table 2.5. 
The values obtained for M M A from the 30 day old samples were 33% to 
46% lower than when they were analysed 3 days after collection. This was 
equivalent to a decay rate, which was assumed to be linear, of 1.3% to 1.6% 
per day. D M A was less affected by storage, as the values only dropped by 
8% to 13% and the decay rates ranged f rom 0.3% to 0.5% per day. These 
values can not be directly extrapolated to samples f rom other areas, i.e. the 
North Sea, because the chemical matrix of each sample and the presence and 
quantity of demethylating bacteria would affect its behaviour during storage 
(Sanders, 1979a). However, these decay rates do give an indication of the 
problem associated with sampling at sea, which in the NSP, can take upto 
2 weeks per cruise. This means that the first samples taken on the cruise 
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were 2 weeks old by the time the analysis is started and the concentrations of 
M M A and D M A may have fallen by approximately 20% and 6% respectively. 
The analytical procedures are also time consuming and i t can take 2-3 weeks 
to analyse the samples f rom a cruise. The difference in the age of the samples 
can be minimised by analysing the samples in the order in which they were 
collected. 
Although there are potential problems wi th sample storage, keeping the 
samples at ^^C in order to reduce biological activity (Cheam & Agemian, 
1980) was the preferred method as sample preservation by acidification may 
chemically change the bcdance of the As species and may introduce contam-
ination problems. Mok & Wai (1990) report no changes in concentration of 
As and Sb species in samples stored at 4*C for 1 week. 
2.3 Trace metal analysis of suspended particles 
and sediments. 
The analysis of Fe and M n was carried out on suspended particles and sed-
iments in support of the data acquired f rom the As analysis. Samples were 
leached with \M HCl as described in Section 2.2.1. Analysis was carried 
out by atomic absorption spectrometry (AAS) using a Pye Unicam, model 
SP9, spectrophotometer. The conditions used for the analyses are listed 
in Table 2.6. Sample leachates were directly aspirated into an oxidising 
air-acetylene flame and their absorbance was measured. Standards were 
prepared f rom lOOOm;;// solutions (BDH) and matrix matched where ap-
propriate. The samples were diluted, i f necessary, so that their absorbance 
readings fell within the linear ranges of the calibrations which were O — Smg/l 
for Fe and 0 - 3mg/l for Mn. 
2.4 The North Sea data base. 
A l l data acquired from the North Sea Project were collected and organised 
by the British Oceanographic Data Centre (BODC) located at the Proud-
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Table 2.6: Conditions used for the analyses of Fe and M n using flame-AAS 
SP9 Parameters Fe Mn 
Wavelength 248.3nm 279.5nm 
Lamp current lOmA SmA 
Bandpass Inm O.bnm 
Air (rotameter reading) 34mm 32mm 
Acetylene (rotameter reading) 13mm 12mm 
Background correction on on 
Standards Ferric nitrate manganous nitrate 
BDH, Spectrosol B D H , Spectrosol 
Linear range 0 - bmg/l 0 - 3m^ / / 
man Oceanographic Laboratory (POL). The North Sea cruises provided data 
in three main ways. Firstly, by information that was automatically logged 
on-board ship and comprised of the CTD (conductivity, temperature and 
depth) database and the continuously recording instruments. This included 
such information as salinity, temperature, pressure, dissolved oxygen, flu-
orescence, attenuance, upwelling and downwelling irradiance in the water 
column. Secondly, data was available f rom samples that were analysed on-
board ship, such as the autoanalysis of nitrates, nitrites, phosphates and 
silicates in seawater. Also, sediment core samples were taken and incubated 
on-board ship so that measurements of redox potentizil and porewater nu-
trients could be made. The last source of data came from the samples that 
had to be returned to shore in order to be analysed. These were in particu-
lar, trace metals and organic compounds in sediments, suspended particles, 
seawater and air-borne particles. 
The data generated throughout the Nor th Sea Project was compiled 
and made available to the members of the project in the form of either raw 
data or as 2 - D plots and profiles. This provided a wealth of informa-
tion to support each individual investigation, for example, chlorophyll data, 
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temperature measurements and the identification of phytoplankton species 
were essential to the understanding of the processes of As methylation in 
the North Sea. 
56 
Chapter 3 
Arsenic in the Humber 
Estuary. 
3.1 Estuarine surveys 
Six surveys were carried out in the Himiber Estuary f rom January 1988 to 
May 1990 (Table 3.1). Various crafl were used for sample collection, such as 
a flat-bottomed aluminium boat and an inflatable for sampling in the shal-
lows of the upper estuary, a fishing boat for the axial survey from Grimsby 
to Trent Falls, and RRS Challenger for the sampling f rom the mouth of the 
estuary to Hull (Figure 4.7). Initially, this study concentrated on inorganic 
As in suspended particles and bottom sediments. As the cryogenic trapping 
technique for separating the dissolved As species (inorganic As, M M A and 
D M A ) developed, further water samples were collected. 
3.1.1 Water and suspended particle sampling. 
The methods used for taking water samples were determined by the facilities 
available on each vessel. On the small craft, bulk water samples were taken 
using a clean plastic container, f rom which the samples were poured into 
1/ polyethylene sample bottles for transportation back to the shore prior to 
f i l t rat ion. The fishing boat was equipped wi th a submersible pump system 
to take water samples which were then filtered on board the boat. Water 
57 
Table 3.1: Details of the estuarine surveys carried out in the Humber Estu-
ary. 
Date Description of survey Samples taken Analyses 
12 Jan. 1988 Axial survey: 
Grimsby to Trent Falls 
(fishing boat) 
•Suspended particles 
-Master variables 
Particulate: 
inorganic As, Fe 
Apr i l 1988 Lit toral survey: 
North bank 
-Surface sediments 
-Master variables 
Particulate: 
inorgcinic As, Fe 
12 May 1988 Axial survey: 
lower Humber 
(RRS ChaUenger, CH28) 
-Core (20cm deep) 
-Suspended sediments 
-Master variables 
Particulate: 
inorganic As, Fe 
10 Nov. 1988 Axial survey: 
upper estuary 
(inflatable) 
-Water samples 
-Master variables 
Dissolved: 
inorganic As 
18 July 1989 Axial survey: 
upper & middle estuary 
(flat-bottomed boat) 
-Water samples 
-Master variables 
Dissolved: 
inorganic As, 
M M A and D M A 
17 May 1990 Axial survey: 
lower k middle estuary 
(RRS ChaUenger, CH65) 
-Water samples 
-Master variables 
Dissolved: 
inorganic As, 
M M A and D M A 
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sampling from RRS Challenger was ceirried out by a pumping system at-
tached to a PES (precision echo sounder) Fish as described in Section 4.1.3 
and the filtration was performed in the clean container (Section 4.1.2). 
Where large volume suspended particle samples were required, a 5/ filtra-
tion system, taking 142mm, 0.45/im pore size, Millipore membrane filters, 
was used. For other surveys, where collecting filtered water samples was the 
objective, 47mm filters were used in a glass Buchner filtration system. 
The suspended particle samples were rinsed wi th 10m/ of deionised wa-
ter to remove any salt, and they were stored frozen on the filter papers 
for transportation back to the laboratory. The filtered water samples were 
stored at 4°C in the dark to inhibit any further biological activity (Cheam & 
Agemian, 1980) and were transported back to the laboratory in a portable 
refrigerator. 
3.1.2 Bed sediment sampling. 
Bed sediments were collected from the l i t toral zone using a polyethylene 
spatula to scrape up the surface oxic layer which was 0-lcm deep. The 
samples were stored frozen in acid-washed plastic pots. 
A sediment core was taken from the main estuarine channel opposite 
Grimsby, using a box corer deployed from RRS Challenger. This large sedi-
ment sample was then subsampled using an 8cm diameter, 15cm long plastic 
tube. The core was then stored frozen unt i l analysed. 
3.2 Analytical methods 
3.2.1 Water samples. 
Filtered water samples were stored at 4*^ 0 in the dark prior to analysis, no 
pretreatment was required. Samples were analysed for inorganic As, M M A 
and D M A using hydride generation-cryogenic trapping-AAS as described in 
Section 2.1.2. 
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3.2.2 Suspended particles and bed sediments. 
Suspended particles and bed sediment samples were freeze-dried and ap-
proximately O.bg of each sample were leached in I M HCl or in a mixture 
of 0.05A/ hydroxylamine hydrochloride in 25% acetic acid for 12 hours (see 
Section 2.1.2.). For As analysis, the leachates were acidified to 6M HCl 
and inorganic As was determined using continuous hydride generation as 
described in Section 2.1.1. For the analysis of Fe and Mn the leachates 
remained untreated and the analyses were performed using flame-AAS tech-
niques as described previously (Section 2.3). 
The sediment core, which had been stored frozen, was thawed and ex-
truded from the core tube. It was then sectioned and a sample was taken 
from the middle of each section and treated in the same manner as the bed 
sediment samples. 
3.3 Results and discussion. 
The numerical details f rom the analyses of this study are included in the 
appendices. 
3.3.1 Dissolved arsenic. 
Dissolved inorganic arsenic 
Data on dissolved inorganic As in the Humber Estuary was obtained on three 
occasions, November 1988, July 1989 and May 1990 (CH65). The sampling 
points are shown in Figure 3.1 and for May 1990 they are also given in 
Figvire 4.7. The winter siuvey (November 1988) was in the upper estuary, 
the summer survey (July 1989) covered the upper and middle estuary, while 
the last survey, in the spring (May 1990) ranged f rom the middle to the 
mouth of the estuary. I t was not possible to cover the whole estuary on each 
individual survey due to the constraints imposed by the size of vessel used 
in each case, i.e. the upper estuary is very shallow and the lower estuary 
is very exposed and a large number of commercial craft are present. On all 
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Table 3.2: A summary of the dissolved As data and the equivalent sample 
master variables, for the surveys in November 1988, July 1989 and May 
1990. B/D=below detection. 
Date Temp. Salinity 
psu 
Dissolved As {figAs/l) 
Inorganic As M M A D M A 
10 Nov »88 8.7 ± 0 . 1 4.8 ± 1.3 13.1 ± 0 . 7 B / D B / D 
18 July '89 19.7 ± 0 . 9 12.5 ± 6 - 5 15.50 ± 6 - 7 3 B / D B / D 
17 May '90 13.5 ± 0 . 5 26.6 ± 4.0 1.73 ± 0 . 9 6 B / D 0.04 ± 0 . 0 2 
three occasions elevated concentrations of inorganic As were detected in the 
upper estuary, which then reduced with increasing salinity (Figure 3.2 and 
Table 3.2). 
The water samples collected in November 1988 in the upper estuary, 
where a copper refinery is situated, had a mean dissolved inorganic As con-
centration of 13.1 ±0.7^gA3/l over a salinity range of 4.4-7.2 practical salin-
ity imits {psu). In July 1989 peak inorganic As values {22.8figA3/l) were 
also found in the vicinity of the metal refinery. Slightly lower concentrations 
(lS.6figAs/l) were foimd in the tidal Ouse (0.5p5u), whilst in the lower es-
tuary (25p3u) inorganic As was at its lowest (2.\figAs/l). The surveys in 
November 1988 and July 1989 were conducted under very different freshwa-
ter flow regimes. The simmier survey took place under drought conditions 
when the flow was only 30m^/a, whilst during the winter survey the flow 
was almost four times greater at lUm^/s (Table 3.3). The higher river flow 
caused greater dilution of the As-rich effluent, and so lower concentrations 
were detected in the winter. 
The survey in May 1990, from the mouth of the Humber (31.6p5u) 
upto Hull (20.6p3u) showed that dissolved inorganic As was at a minimum 
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Figure 3.1: A map of the Humber Estuary showing the geographical location 
of the water sampling sites during three surveys, November 1988, July 1989 
and May 1990. 
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Figure 3.2: Dissolved inorganic As concentrations for three surveys in the 
Humber Estuary (November 1988, July 1989 and May 1990). The inset 
shows total dissolved As during a survey in June 1986 (Edwards et al, 1987). 
Table 3.3: Freshwater mean daily flows in the Ouse and Trent during surveys 
in November 1988 and July 1989. The freshwater flow in the Humber is the 
sum of the two rivers inputs. Data f rom the Yorkshire Water Authority. 
The data from May 1990 was not available from the North Sea data base. 
Survey Mean daily flow (m^/a) 
Date Ouse Trent Humber 
10th Nov 1988 64 53 117 
18th July 1989 5 25 30 
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{0.72^gAs/l) in the lower estuary at a salinity of 29.6pau (Figxire 3.2). This 
is discussed further in Section 4.2.1. Data collected during an anchor station 
in the mouth of the estuary showed that dissolved inorganic As increased 
slightly in the high salinity region. 
Edwards et al. (1987) found similcir behaviour of dissolved As in the 
Humber Estuary (16 June 1986) under approximately median freshwater 
flow conditions (Figure 3.2 inset). They measured total dissolved As rather 
than dissolved inorganic As, but in this estuary these are almost equivalent 
because the concentrations of dissolved organic As species are very low (as 
discussed in the following section). Edwards et al. (1987) found peak As 
values (15 to 22figA3/l) in the low salinity region, which steadily reduced 
to l-2ngA3/l when the salinity was greater than 25p3u. Langston (1980) 
reported values of iSOmgAs/l in the refinery effluent (May 1978), which 
decreased to 121^^i43// in the water nezirby. Both of these surveys were 
carried out prior to the introduction of a new subsurface outfall (1987) 
which was designed to increase the dilution of the effluent. 
To determine the fate of dissolved inorganic As in the Humber Estuary 
i t is necessary to know whether it is subject to any removal processes from 
the dissolved phase. A simmiary of the behaviour of dissolved As in other 
estuaries is given in Table 3.4. The conservative behaviour of a dissolved 
constituent during the mixing of seawater and river water end-members, 
has been described as producing a linear relationship when its concentration 
is plotted against salinity (Liss, 1976). A deviation from linearity is then 
assumed to be an indicator of non-conservative behaviour, either as an input 
or a removal. The dissolved inorganic As profile in the Humber Estuary 
was non-linear and there are several factors which may have caused this 
behaviour: 
(1). Anthropogeruc inputs. There is a copper refinery on the north bank 
of the upper reaches of the Humber Estuary which has been quoted as dis-
charging lOOOkgAs/day (Edwards et al., 1987; Howard & Urquhart, 1988). 
A similar non-linear dissolved As profile was found in the Severn Estuary 
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(Apte et al . , 1990) with peak values (4.5figA3/l) in the low salinity region 
[bpsu). Thi s was suggested as being the result of an industrial discharge, 
downstream of which the As behaved conservatively. 
(2) The role of Fe oxyhydroxides in the removal of dissolved As (Andreae 
et al . , 1983; Langston, 1983; Marsh, 1983; Howard et al . , 1984; Sanders, 
1985; Van der Sloot et ai . , 1985; Howard et al.,1988). Removal of dissolved 
As may occur at the freshwater-brackish water interface ( F B I ) as a result 
of the change in ionic strength causing the flocculation of As and Fe-rich 
colloids (Section 3.3.2). High concentrations of suspended particles may 
act as nucleation centres and accelerate this process. I f porewater Fe(II ) 
is released by the resuspension of bed sediments, it will rapidly precipitate 
when it is in an oxidising environment and scavenge dissolved As. The 
specific surface area of the suspended particles in the Humber Estuary is 
highest in the low salinity region (Millward et al . , 1990) which could be 
due to the formation of fresh Fe precipitates, although the disaggregation 
of resuspended sediment particles cannot be discounted. However, there is 
little evidence in this data-set to confirm that significant removal of dissolved 
As is taking place in the low salinity region of the Humber Estuary. The 
conservative behaviour of As in the estuaries of South East U S A and Canada, 
which are unpolluted with respect to As, has been attributed to dissolved As 
forming imreactive complexes with low molecular weight, dissolved organic 
matter (Waslenchuk & Windom, 1978; Tremblay & Gobeil , 1990). Dissolved 
As in the Tamar , which leaches from mine wastes of the last century, was not 
removed by Fe-rich suspended particles (Howard et a l . , 1988). If dissolved As 
in the Humber Estuary forms complexes with organic molecules it could be 
less reactive than As which is recently discharged from industrial effluents. 
Particulate As data from May 1990, which corresponded with the dissolved 
As data, enabled values of to be calculated (Section 4.2.3). These showed 
that dissolved inorganic As in the lower estuary was being removed from the 
water column and onto the suspended particles (Sections 3.3.2 and 4.2.3). 
T h i s removal is probably associated with an Fe-rich effluent from a titanium 
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dioxide plant which which discharges 6o000tFe/yr (Newell et al . , 1984). 
The input of Fe from this industrial source is comparable to the flux of 
particulate Pe out of the estuary at the anchor station. T h e mean particulate 
Fe concentration at the anchor station (CH42) was Z76l2figFe/g (Turner, 
1990), with a mean suspended particle concentration of S i m p / / and a mean 
river flow of 243m^/5. Combining these figures gives an annual flux of 
230Q0tFe/yr out of the estuary. Although this value will change under 
diff'erent seasonal conditions, it is clear that the industrial input of Fe could 
be responsible for controlling As behaviour in the lower estuary. 
(3) Biological uptake. The absence of methylated As in the upper and 
middle estuary, in conjunction with very low concentrations in the mouth 
of the estuary, suggest that there is no significant removal of inorganic As 
by this process. The concentrations of suspended particles in the Himiber 
Estuary are relatively high and this would inhibit photosynthetic activity 
and therefore minimize the methylation of inorganic As. 
(4) Estuarine hydrodynamics. The hydrodynamics of the estuary can 
distort the As-salinity profile. Fluctuations in freshwater discharge have 
been reported as the cause of non-linear As profiles in the Scheldt Estuary 
(Andreae & Andreae, 1989) and the Rhone Estuary (Seyler & Martin, 1990). 
In addition to this, Cifuentes et al . (1990) found that alJcedinity, which 
behaves conservatively, had curvature in the alkalinity-salinity profile which 
was the direct result of river flow changes. It is evident that the mixing 
theory, which uses salinity to indicate estuarine processes, has limitations 
in its implication of conservative or non-conservative behaviour of dissolved 
As. 
Dissolved organic arsenic species. 
Filtered water samples collected in July 1989 and May 1990 were analysed for 
M M A and D M A . M M A was not detected in either of the surveys and D M A 
was only detected in May 1990, at an average value of 0.04 ± 0.02figA3/l 
(Table 3.2). The survey in July 1989 was in the upper and middle estuary 
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Table 3.4: A selection from the literature on the behaviour of As in estuaries 
world-wide and the concentration of As in the riverine end-member. 
Estuary 
Location 
Conservative 
Behaviour 
? 
River 
End-member 
figAs/l 
Reference 
S E , U S A Yes 0.3 Waslenchuk Sc 
Windom, 1978 
St. Lawrence, Yes 0.47 Tremblay & 
GobeU, 1990 
Rhone, France - Y e s 1.88-3.75 Seyler &c 
Martin, 1990 
Tamar, U K No 2.7-8.8 Howard et al , , 
1988 
R. Beaulieu, U K No 0.2 Howard et al . , 
1984 
Rhine, Europe, Yes 7.5 Van der Sloot 
et a l . , 1985 
Scheldt, 
Netherlands 
No -40-60 Van der Sloot 
et a l . , 1985 
Chesapeake Bay, 
U S A 
No 0.18 Sanders 
1985 
Humber, U K No 15.6 (at 0.5psu) This study 
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Figure 3.3: A plot of turbidity against salinity for the dissolved inorganic 
As samples taken from the upper and middle Humber Estuary (July 1989). 
when the average water temperature was 1 9 . 7 ± 0 . 9 * C this was in excess of 
the temperature, 12^C, at which methylated As species have been dectected 
in the estuarine environment (Howard et al . , 1982). T h e absence of M M A 
and D M A may be due partly to the high levels of suspended particles, which 
for the samples taken, ranged from 60 to 69Qmg/l (Figure 3.3). Wi th the 
water in the upper estuary being very shallow and turbid there would be 
reduced light penetration through the water column, and the currents would 
be moving too swiftly for algal blooms, which are associated with methylated 
A s , to develop. Biological activity may also be reduced in this area due to 
the low dissolved oxygen ( D O ) levels which are a frequent occurrence in 
the upper estuary (Gameson, 1982). Also, the levels of pollution within the 
estuary may inhibit biological growth. Previous chlorophyll measurements 
taken in the Humber Estuary during the summer of 1978 (Gardiner, 1982), 
foimd that measurements were particularly low in the area aroimd Trent 
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Falls ( < lOfig/l) but the highest values were found in the samples of highest 
salinity. The same workers measured D O concentrations in the estuary in 
1979, and identified supersaturation, an indicator of biologiccil activity, in 
the lower estuary in May, June and July. In May 1990, D M A was found in 
the lower Humber at a salinity range of 26.6 ± 4p3u. 
These results suggest that there is no detectable methylation of As in 
the upper Humber due to its physical characteristics which limit biologi-
cal activity. D M A was detected in the high salinity region of the estuary 
which is known to be more productive. Also, the D M A detected may have 
been tidally transported into the estuary from the plume region rather than 
produced in - situ . 
3.3.2 Suspended particles 
Suspended particles were collected from the Humber Estuary during Jan-
uary 1988, May 1988 (CH28) and May 1990 (CH65) . Al l the samples from 
January 1988, and two from May 1988, were extracted with 0.05A/ hydrox-
ylamine hydrochloride in 25% acetic acid, and the leachates were analysed 
for inorganic As and Fe. (Section 2.2.1). This leach was used prior to the 
NSP when IM H C l was adopted as the standard for the trace metal anal-
ysis. T h e rest of the samples from May 1988, and all from May 1990, were 
extracted with IM H C l and the results are discussed in detail in Section 
4.2.3. T h e data obtained using 0.05A/ hydroxylamine hydrochloride in 25% 
acetic acid is discussed in this chapter as it provides a comprehensive data 
set on particulate As in the Humber Estuary. 
During the survey in January 1988, which covered a salinity range of 
< 0.5 - 24.5p5u, the mean values of inorganic As and Fe on the sus-
pended particles within the Humber Estuary were 5.7 ± O.SfxgAs/g and 
12.8 ± b.8mgFe/g, respectively. The tidal waters of the Ouse and Trent had 
lower values (Figure 3.4). There was a significant increase in inorganic As 
and Fe on the particles as the salinity increased from < 0.5 - 3p3u. Further 
down-estuary, there was no clear relationship between the metals and salin-
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Figiire 3.4: Inorganic As and Fe on suspended particles from the Hum-
ber Estuary, January 1988 and May 1988 (CH28) . Extracted with 0 .05M 
hydroxylamine hydrochloride in 25% acetic acid. More analyses were per-
formed for Fe than for inorganic As . 
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Table 3.5: A summary of the concentrations of inorganic As and Fe in the 
suspended sediments from the Humber Estuary (January and May 1988). 
The samples were leached in 0.05A/ hydroxylamine hydrochloride in 25% 
acetic acid. 
Sample Location Inorganic As Fe 
mgFe/g 
Salinity 
psu 
Humber Estuary 
(Jan. 1988) 
5.7 ± 0.8 
(n=9) 
12.8 ± 5.8 
(n=16) 
0.7-25.9 
Humber Estuary ( n = l ) 
(May 1988) 
9.3 16.3 24.3 
T i d a l Ouse ( n = l ) 
(Jan. 1988) 
3.5 6.0 < 0.5 
T i d a l Trent ( n = l ) 
(Jan. 1988) 
2.7 4.8 < 0.5 
Humber Plume ( n = l ) 
(May 1988) 
1.0 4.6 34.1 
ity, but the concentrations remain elevated. The sample taken in May 1988, 
from within the estuary (24.3p3u), gave relatively high values of inorganic 
As and Fe {9.2figAs/g and \6.2mgFe/g) whereas the sample taken in the 
Humber Plume (34.Ipsu) 20ibm from Spurn Head, had significantly reduced 
values of l.O^gAs/g and 4.6mgFe/g (Figure 3.4). The lower concentration 
in the plume region may be due to a diluting of the As and Fe-rich Humber 
sediments with particles from a less contaminated source. A summary of 
the results is shown in Table 3.5. 
Particidate inorganic As and Fe were well correlated (r=0.92) , as shown 
in Figure 3.5. One sample, which was collected near Grimsby, was omitted 
from the correlation because it was approximately 2.5 times enriched in Fe 
with respect to the Fe:As relationship of the other samples ie. 29.lmgFe/g: 
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Figure 3.5: Inorganic As plotted against Fe for suspended particles collected 
from the Humber Estuary, January and May 1988. Extracted with 0.05Af 
hydroxylamine hydrochloride in 25% acetic acid. r=0.92 for 12 samples. 
S.OfjLgAs/g. The high concentration of Fe in this sample may be a localised 
effect due an acidic, Fe-rich discharge from a titanium dioxide industry in 
the lower estuary (Newell et a l . , 1984). 
T h e strong relationship between Fe and inorganic As on the suspended 
particles, in conjunction with their significant increase in concentration in 
the low salinity region, suggests that dissolved Fe and inorganic As are 
being removed from solution at the freshwater-brackishwater interface ( F B I ) . 
River-borne, dissolved Fe is believed to be present as Fe oxide-organic matter 
colloids which are negatively charged. On mixing with seawater cations, the 
charge on the colloids is neutralised and precipitation takes place (Boyle 
et a l . , 1977). The apparent removal of dissolved inorganic As from the 
water column may occur when As-rich riverine micro-coUoids, which can 
pass through 0.45/im filters, aggregate to macro-colloids at the F B I which 
can then be retained by filtration ( A W Morris, personal commimication). 
T h i s aggregation process will also reduce the surface area of the Fe-rich 
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Figure 3.6: The concentrations of suspended particles {mg/l) in the Humber 
Estuary, January 1988. 
colloids which would then lower their scavenging potential with respect to 
dissolved As. 
If porewater Fe(II ) is released during resuspension in the turbidity max-
imimi, it will then oxidise, forming Fe( I I I ) precipitates. Inorganic As is 
actively scavenged from the water colunm by freshly formed F e ( i n ) pre-
cipitates and this process is aided by the high concentration of suspended 
particles in the low salinity region which act as nucleation centres (Pierce & 
Moore, 1982; Marsh, 1983; Morris, 1986). The scavenging capacity of the 
suspended particle population is maintained by being continuously supplied 
with uncontaminated particles from other areas of the estuary by resuspen-
sion and tidal pumping processes. T h e survey in January 1988 was carried 
out imder storm conditions in conjunction with a high river flow (234m^ /3 ) , 
which would have increased the suspended load in the estuary by resus-
pending more of the bed sediments and increasing the average grain size. 
Also, under these weather conditions the net sediment transport would be 
in the down-estuary direction. The mean suspended particle concentration 
was 135 ± 62mg/l with maximum values upto ZOOmg/l in the low salinity 
region (Figure 3.6). 
T h e absorption of inorganic As onto Fe oxyhydroxides is affected by the 
oxidation state of the Fe from which the precipitates form and also the oxi-
dation state of the As (Marsh, 1983). The absorption of As(in) and A s ( V ) 
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onto freshly formed Fe hydroxides, takes in the order of minutes to reach an 
equilibrium state, with the rates being independent of p H , temperature and 
salinity (Marsh, 1983). Absorption of As onto Fe(II)-derived precipitates 
is slower due to the initial oxidation of Fe ( I I ) to F e ( I I I ) prior to precipi-
tation which is believed to modify the precipitate structure (Marsh, 1983). 
Aged Fe oxyhydroxides have slower rates of As uptake (Marsh, 1983) as a 
result of organic coatings, the removal of which has been reported to in-
crease the specific surface area by as much as 60%, humic material having 
a specific surface area of only 0.7m^/g (Glegg, 1987; Tit ley et al . , 1987). 
VVaslenchuk £md Windom (1978) observed the conservative behaviour of As 
in some estuaries of South East U S A and attributed it to organic coatings 
blocking potential absorption sites on the particles. It has been proposed 
that absorption is a 2-stage process. Initially the metal or As adheres to the 
surface by a reversible mechanism, the second stage involves the irreversible 
migration of the metal or As into the pores of the particle or particle coat-
ing (Titley et al . , 1987, Millward et al . , 1989). T h e measurement of specific 
surface area by the B E T (Brunauer, Emmet and Teller) Nz probe method 
gives values of surface area which includes the pores which can be measured 
down to nanometre sizes (Titley et al.,1987). Values of specific surface area 
for the suspended particles (January, 1988) were obtained by this method 
(Turner, 1990; Millward et al . , 1990) and were on average, 26.6 ± 4.9m^/g, 
with the highest values in the low salinity region. This implies that the Fe 
precipitates in this region were more recently formed than those in the lower 
estuary. However, one sample taken from the lower estuary had a relatively 
high Fe content {2Q.\mgFe/g) and a large specific surface area (38.3m^/g) 
which was probably associated with an Fe-rich effluent (Newell et a l . , 1984). 
The samples from the tidal Ouse and Trent had lower specific surface areas 
of 9.8 and I2.3m^/g, respectively. Glegg (1987) found similar results in the 
Tamar with peak specific surface areas in the turbidity maximum and on 
average, lower values from the associated sediments. 
The As:Fe ratios on the suspended particles were fairly uniform through 
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out the estuary (0.48 x 10"^ ± 0.13 X 10"^) with no obvious distribution 
pattern suggesting geochemical homogeneity. T h e As:Fe ratios of the sam-
ples taken from the tidal Ouse and Trent (0.58 x 10"^ and 0.57 x 10"^, 
respectively) show greater enrichment of As than the suspended particles 
of the Humber Estuary. This is probably a result of the flood conditions 
resuspending the bed sediments which are more enriched in As than the 
suspended particles (see Section 3.3.3). 
The data from suspended particles collected in May 1990 (CH65) which 
were extracted with IM H C l , provide valuable information on the behaviour 
of inorganic As in the lower estuary (Section 4.2.3). In the axial transect 
from Hull to the estuary mouth, the minimum dissolved inorganic As con-
centrations in the lower estuary, corresponded to peak concentrations of 
particulate inorganic As. Values of Kd showed that dissolved inorganic As 
was being removed from the water column and onto the suspended particles, 
probably in association with the Fe-rich eflHuent in the lower estuary (Newell 
et al . , 1984). 
3.3.3 Intertidal sediments 
Surface sediment samples were collected from the intertidal zone of the north 
bank of the Humber Estuary (Apri l 1988) and their locations are shown in 
Figure 3.7. The samples were treated as previously described (Section 3.2.2) 
and were leached in 0.05A/ hydroxylamine hydrochloride in 25% acetic acid. 
The leachates were analysed for inorganic As and Fe. 
Peak values of inorganic As [S.SfigAs/g) and Fe (lO.^mgFe/g) were 
foimd down-estuary of the metal refinery (Figure 3.8). T h e sample taken 
from the mud banks in the vicinity of the outfall had lower concentrations of 
inorganic As and Fe {2.l9^gAs/g and b.dimgFe/g). Thi s may be a result 
of the eflluent having a low p H which would reduce the quantity of met-
als being removed from solution. T h e mean values for the Humber system, 
excluding the coastal value from Holderness, were 3.14 ± 2.Z^^gAslg and 
5.24 ± 2.92mgFe/g. The concentrations of inorganic As and Fe in the sam-
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Figure 3.7: T h e sampling stations for intertidal sediments (Apri l 1988) and 
the location of the sediment core (May 1988). Distances down the estuary 
from Trent Falls are given in kilometres. 
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Table 3.6: Values of inorganic As and Fe in the intertidal sediments from the 
north bank of the Humber Estuary (Apri l 1988). The samples were leached 
in 0.05M hydroxylamine hydrochloride in 25% acetic acid. 
Sample Location Inorganic As 
figAs/g 
Fe 
mgFe/g 
Humber ( n = l l ) 3.14 ± 2 . 3 3 5.24 ± 2.92 
T i d a l Ouse ( n = l ) 2.30 4.32 
T i d a l Trent ( n = l ) 2.27 4.09 
Holderness (coast) ( n = l ) 0.04 0.38 
pies from the tidal Ouse and Trent were only slightly below the mean values 
(Table 3.6), suggesting that contaminated particles are being transported 
up the estuary and into the rivers. The sample from Holderness, which is 
on the coast north of the Humber Estuary, is an area which is eroding by 
1.4 X lO^t/yr, 67% of which is mud ( < 63//m) (McCave, 1987). The values of 
inorganic As and Fe are low {OM^gAs/g and 0.38mgFe/g) and due to the 
location and dynamics of the area, these values can be considered as natural 
concentrations. These cliffs, and other offshore areas, act as a source of sus-
pended particles to the Humber Estuary which is accumulating sediment 
in its mud flats at a rate of 63400t/yr (McCave , 1987). 
Langston (1980) analysed the < lOO/xm fraction of surface sediments 
from the Humber Estuary (May 1978) using a IM H C l extraction. T h e 
distribution of As concentrations {IS-94 fig As/g) were similar to those foimd 
in this study, with peak values in the upper estuary in the vicinity of the 
outfall, and minimum values at the mouth of the estuary. The concentrations 
reported by Langston (1980) are higher than those of this study because of 
the stronger extraction method used and the analysis of only the < lOO/im 
fraction. The Water Authorites collected intertidal sediments twice a year, 
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for the period 1983-1986, and quote mean values of As b'^figAs/g^ ranging 
from 24 - ISe^gAs/g (Edwards et al . , 1987). Their results show that since 
1983 the concentrations of As in the sediments of the upper estuary have 
more than doubled. A later survey in 1987, also carried out by the Water 
Authorities, showed values of As varying from approximately irom90figAs/g 
in the upper estuary, down to AOfigAa/g at the estuary mouth (Howard & 
Urquhart, 1988). These concentrations were higher than those from this 
study (April 1988) due to the concentrated HNO3 digestion used. However, 
their results show similar distributions, with peak As concentrations in the 
upper estuary where a trade effluent is located. Grant and Middleton (1990) 
quote mean total As concentrations for intertidal sediments from both the 
north and south banks of lOZfigAs/g^ with a maximimiof ll^figAs/g. They 
used X-ray fluorescence on the < 500/im fraction which was groimd and 
ashed for 1 hour at 500*'C Although they express that there is no obvious 
distribution pattern of intertidal As in the estuary, their data from the 
north bank shows peak values in the upper estuary which then reduce to 
minimum values in the mouth of the estuary. A summary of the data from 
the literature is given in Table 1.8. 
The inorganic As and Fe concentrations in the intertidal sediments (Fig-
ure 3.9) are well correlated (r=0.92) , as they are in the suspended particles 
(Section 3.3.2). This indicates that the inorganic As on the particles is a 
result of either co-precipitation or scavenging of dissolved inorgaiuc As by 
Fe oxyhydroxides (Pierce & Moore, 1982; Marsh, 1983). 
The As:Fe ratios of the intertidal sediments are varied, with a mean value 
in the estuary of 0.54 x 10"^ ± 0.22 x 10"^, this has a R S D of 41%. The 
sediments most enriched in As are those in the upper estuary (Figure 3.10). 
The samples from the tidal Ouse and Trent also have high ratios (0.53 x 10"^ 
and 0.56 X 10~^, respectively), suggesting that tidal pimiping is responsible 
for the movement of sediments and As-rich water from the estuary into the 
tidal rivers. T h e coastal sample had a significantly lower value of 0.11 x 10"^, 
indicating that the Humber Estuary is enriched in As with respect to Fe. 
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Figure 3.9: Inorganic As against Fe for intertidal sediments from the north 
bank of the Humber Estuary, tidal Ouse and Trent, and Holderness, Apri l 
1988. The samples were extracted with O.ObM hydroxylamine hydrochloride 
in 25% acetic acid. r=0.92 
Langston (1980) reports As:Fe ratios (May 1978) from surface sediments 
of the Humber Estuary which have a similar distribution to those found 
in this study, although the ratios are higher (1.3 x 10"^ to 11.9 x 10"^). 
Langston (1980) quotes higher values because a I M H C l extraction was 
used in conjunction with only analysing the < 100/xm fraction. 
When comparing the mean intertidal values for inorgainic As and Fe with 
the suspended particles collected in January 1988 (Section 3.3.2), it can be 
seen that the concentrations in the intertidal sediments are lower but they 
are more enriched in As. This suggests that the intertidal sediments are 
removing As from the water column by slow absorption processes. 
3.3.4 Sediment core profile, lower Humber. 
A 20c7n deep sediment core, collected in May 1988, from the Humber Es tu -
ary (Figure 3.7) was sectioned and profiles of subsamples were leached in (a) 
0.05M hydroxylamine hydrochloride in 25% acetic acid, and (b) IM H C l . 
The leachates were analysed for inorganic As and Fe, and the results are 
shown in Figure 3.11 ( i ) . The core had no obvious structure and was com-
prised of light-brovm sand and silt-sized particles with large sand-sized black 
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0.0571/ hydroxylamine hydrochloride in 25% acetic acid. 
particles dispersed throughout it. The location of the core was a deep water 
channel near Grimsby (53''35.7'iV, 0°1.2'VV"), which was approximately 7.3m 
below chart datum. 
The results from the hydroxylamine hydrochloride-acetic acid leach will 
be discussed first as they are consistent with the other sediment data from 
the Humber Estuary. T h e mean values for inorganic As and Fe throughout 
the core were 1.00 ± OASfigAa/g and 4.21 ± l.bZmgFe/g, these were higher 
than the surface values (top 1cm) which were O.SlfigAs/g and 2.llmgFe/g 
(Table 3.7). The highest concentrations {l.SO^gAs/g and 6MmgFe/g) oc-
cured at a depth of 4 - 6cm, then in the next 2cm below this, there was 
a sharp decrease to the lowest concentrations in the core {O.SbfigAs/g and 
2.6TngFe/g). Below this minimum there was a slow increase to less signifi-
cant peak values of l.dlfxgAs/g and ^AAmgFe/g. 
Both leaches were used for extracting the weakly-bound metals which 
might be available to biota, such as the Fe and M n oxyhydroxides and the 
elements associated with them. The profiles represent the reducible phase in 
the sediments, which at greater depths, under anoxic conditions, may only 
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Table 3.7: The inorganic As and Fe values for a core profile (20cm deep) from 
the Humber Estuary, near Grimsby, May 1988. Subsamples were extracted 
with two different solutions (a) . O.OSAf hydroxylamine hydrochloride in 25% 
acetic acid, and (b). I M H C l . 
Inorganic As Fe 
mgFe/g 
(a) . (b). (a) . (b). 
Mean (n=8) 1.00 ± 0 . 4 8 4.18 ± 1.12 4.21 ± 1.53 11.20 ± 3.80 
Surface 0.61 2.70 3.11 12.36 
be a fraction of the total metals present. 
As burial of the sediments takes place, oxygen is depleted by the degra-
dation of organic material by aerobically respiring micro-organisms. This 
lowers the redox potential and Fe(in) is reduced to F e ( I I ) , this causes the 
dissolution of the Fe oxyhydroxides and the release of Fe(n) into the pore-
water. When this happens As is simultaneously released from the sediment. 
The dissolved Fe and As are then subject to concentration gradients within 
the porewater and they will migrate correspondingly. If they move upwards 
into a more oxidising environment the Fe(n) will be rapidly converted to 
Fe(in) and will re-precipitate as oxyhydroxides. The dissolved As may again 
co-precipitate with, or be scavenged by the Fe, or else it may be released 
into the water column (Stumm & Morgan, 1981). This process can cause 
enrichment of Fe and As in the upper layers of the sediment. 
I f the dissolved Fe and As migrate further down into the anoxic zone 
they will be reduced in the presence of hydrogen sulphide. T h i s is a product 
of anaerobically respiring micro-organisms which are degrading organic mat-
ter. The Fe and As will then precipitate as sulphides which are characteristic 
in sediments as black bands. I f there is no available organic matter in the 
sediment at depth, hydrogen sulphide is not produced and elevated concen-
trations of Fe and As can remain in the porewater (Peterson & Carpenter, 
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1986; Rees, 1988; Belzile, 1988; Moore et a l . , 1988). 
At increasing depth, the fraction of inorganic As and Fe extracted will 
become a smaDer proportion of the total metals as the sulphides, which 
are not extracted, become more dominant. The peak values in the core 
at 4 - 6cm deep may be due to this effect and the minimum values at 
8cm, could be the depth at which Fe and A s are released into the porewa-
ter. There is only trace metal data from the core and in order to conclude 
that the profiles are subject to only chemical processes, other information, 
such as redox potentials, organic carbon content and alkalinity are neces-
sary. The sediments can be resuspended or reworked by water movements 
and bioturbation, and anoxic sediments may be brought into the oxic zone. 
Likewise, porewater inorganic As and Fe can be released to the water col-
umn, where re-precipitation or scavenging by suspended particles is likely 
to occur (Riedel et al. , 1987; B y r d , 1988). The profiles are also affected by 
the history of trace metal inputs from the surface and so this linked to sed-
imentation rates could identify general trends. A n increase in the quantity 
of organic matter within the sediments will reduce the redox potential and 
increase the amount of As and Fe leaving the sediments. This process may 
leave the sediments depleted in As and Fe whilst the suspended particles 
may become more enriched (Dehairs et al . , 1989). 
l A f H C l gave consistantly higher results for inorganic As and Fe than 
hydroxylamine hydrochloride-acetic acid. T h e profiles from the two extrac-
tion techniques were similar although there were some noteable diJferences. 
The l A f H C l extraction showed peaks in concentration {S.blfigAa/g and 
l3.66mgFe/g) at 15.5cm deep, and these were not present in the profiles 
obtained with the hydroxylamine hydrochloride-acetic acid leach. There was 
a strong correlation between inorganic As and Fe for the results obtained 
with hydroxylamine hydrochloride-acetic acid (r=0.94) . However, with IM 
H C l the correlation was poor (r=0.35) , see Figure 3.11. The mean As:Fe 
ratio for IM H C l was 0.39 x 10"^ ± 0.12 x 10"^ whereas for hydroxylamine 
hydrochloride-acetic acid it was 0.23 x 10"^ ± 0 . 0 5 x 10"^. This implies that 
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l A / H C l extracts more inorganic As with respect to Fe, and that it is re-
leasing inorganic As and Fe from other phases, such as the aluminosilicates 
(Loring & Rantala , 1988). 
The mean values for the suspended particles (January, 1988) were 5.7 ± 
O.SfigAs/g and 12.8 ± b.SmgFe/g^ whereas for the surface of the sediment 
core (May, 1988) in the lower estuary, the values were lower at O.Ql^gAs/g 
and ^.llmgFe/g. The suspended particles were mud and silt-sized and the 
core consisted of sand and silt. These differences in grain size indicate that 
the core samphng site is a region of high water energy and that fine-grained 
particles are not deposited there. The lower concentrations of inorganic 
As and Fe in the sediment core, compared to the concentrations on the 
suspended particles, also support this. 
3.3.5 Inorganic As enrichment in the three sediment types. 
The enrichment of inorganic As with respect to Fe in the three sediment 
types (suspended particles, intertidal sediments and the sediment core) can 
be compared by linear regression lines of the data from the hydroxylamine 
hydrochloride-acetic acid extraction (Figure 3.12). T h e regression equations 
are given in Table 3.8. For a given Fe concentration the 3 sediment types 
have different enrichments of inorganic As , with the intertidal sediments 
having the highest, followed by the suspended particles and lastly the sedi-
ment core. These differences can be explained in terms of grain-size and the 
involvement of the particles in estuarine processes. 
From visual observations it can be deduced that the sediments most 
enriched in inorganic As are those with the smallest grain size, such as 
the intertidal sediments. As the particles get smaller their surface area and 
number of absorption sites increases per unit mass. T h e intertidal sediments 
were well sorted, clay-sized particles that had been deposited on the banks 
of the estuary in a region of low wave energy. The suspended particles were 
collected under storm conditions with a large river discharge (234m^/s) 
and this will have enabled a larger range of particle sizes to be suspended, 
85 
Sediment 
Core 
Suspended 
Particles 
Intertidal 
Sediments 
2 4 6 8 
INORGANIC As - pgAs/g 
10 
Figure 3.12: The linear regression lines for the inorganic As and Fe sediment 
data from the Humber Estuary, a. sediment core (May 1988), b. suspended 
particles (January and May 1988) and c. intertidal sediments (Apr i l 1988). 
The samples were leached in 0.05A/ hydroxylamine hydrochloride in 25% 
acetic acid. 
Table 3.8: The statistical details of the suspended sediments (January and 
May 1988), the intertidal sediments (Apri l 1988) and the sediment core 
(May 1988) from the Humber Estuary. The samples were leached in 0.05A/ 
hydroxylamine hydrochloride in 25% acetic acid. 
Parameter Suspended 
Sediments 
Intertidal 
Sediments 
Sediment 
Core 
Inorg. As Vj Fe 
Regression 
Equation 
n=12 
r=0.92 
y = 16131 + 1793 
n=12 
r=0.92 
y = 12032 4- 1368 
n=8 
r=0.94 
y = 2988x + 1243 
86 
Table 3.9: The As:Fe ratios for the suspended particles (January 1988), the 
intertidal sediments (Apri l 1988) and the sediment core (May 1988). The 
samples were extracted with O.QSM hydroxylamine hydrochloride in 25% 
acetic acid. 
Sediment Type As:Fe xlO'^* 
Suspended Particles 
-Humber Estuary (n=9) 
-Tidal Ouse 
-Tidal Trent 
-Htmaber Plume 
Mean; 0.48 ± 0.13; Range; 0.21 to 0.51 
0.58 
0.57 
0.21 
Intertidal Sediments 
-Humber Estuary (n=9) 
-Tida l Ouse 
-Tida l Trent 
-Coast 
Mean; 0.54 ± 0.22; Range; 0.23 to 0.85 
0.53 
0.56 
0.11 
Sediment Core 
-Whole Core (n=8) 
-Surface 
Mean; 0.23 ± 0.05; Range; 0.14 to 0.31 
0.20 
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particularly in the shallow, upper reaches of the estuary. T h e sediment core 
was collected from the lower estuary in a deep water channel (7.3m below 
chart datum) and it consisted of sand and silt-sized particles. T h e results 
obtained from these sediments were from the whole sample, whereas other 
authors have sieved the sediments and only analysed the < 100//m fraction 
(Langston, 1984; Langston, 1986) or the < 63/im fraction (Ackroyd et a l . , 
1987). This removes the large particles which have little association with 
trace metal absorption (Brook & Moore, 1988). I f a size fraction of the 
sediment core, similar to the intertidal particle sizes, had been analysed 
separately, more comparative, and possibly significantly different, results 
would have been obtained. 
The As:Fe ratios for each sample provide further information on the be-
haviour of the sediments within the estuary (Table 3.9). T h e As:Fe ratios of 
the suspended particles are fairly uniform throughout the estuary whereas 
the intertidal sediments are more enriched in As in the upper estuary. The 
suspended particles show a significant increase in As and Fe in the low salin-
ity region but little variation in the As:Fe ratio. This suggests the rapid and 
simultaneous removal of As and Fe from the water column. T h e greater 
enrichment and spatial variation of inorganic As in the intertidal sediments 
suggests that the Fe oxyhydroxides are slowly scavenging As from the water 
column. This uptake wiU be directly proportional to the dissolved As con-
centration, provided that the absorption sites on the particles do not become 
blocked by organic matter. There is very little difference in the As:Fe ratios 
of the suspended particles and the intertidal sediments of the tidal rivers 
(Table 3.9). This may be explained by the flood conditions under which the 
suspended particles were collected, which caused significant quantities of the 
intertidal sediments to be resuspended. Also, the enrichment of As in this 
area implies that particles and dissolved As are transported from the estu-
ary into the tidal rivers. The intertidal sediment sample from the coastal 
area north of the Humber Estuary has a low As:Fe ratio (0.11 x 10"^) which 
shows that the whole estuarine system is enriched in As with respect to Fe. 
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The sediment core had a mean As:Fe ratio (0.23 x 10"=^  ± 0.05 x 10"^) 
which was lower than both the suspended particles and the tntertidal sedi-
ments. This is due partly to the location of the core, which is in one of the 
main channels of the estuary where only larger, less As-rich, particles are 
deposited. In addition to this, the concentrations of As and Fe within the 
core are controlled by its redox chemistry. This can cause the release of As 
and Fe into the water column where it may be scavenged by suspended par-
ticles. This process can be accelerated by an increase in the organic matter 
entering the sediment which then causes a reduction in the redox potential. 
The input of major sewage effluents into the estuary may contribute to the 
release of As from the bottom sediments. 
T h e suspended particles have the highest concentrations of inorganic As 
and Fe (Table 3.10) due to their possible involvement in the rapid removal 
processes in the upper estuary. The intertidal sediments have lower concen-
trations, but greater enrichments in inorganic As. The suspended particles 
are in the environment which enables the maximimi precipitation of Fe oxy-
hydroxides and hence As absorption, but their eventual deposition may be 
amongst sediments that have not been exposed to these events, and so the 
concentration of As and Fe in the sediment population will be lower than 
the suspended particles. This also suggests that the sediments, which may 
be remobilised, are providing a source of imcontaminated particles into the 
suspended particle population. In addition, this implies that the Humber 
Estuary has not reached an equilibrium in terms of As and metal absorption 
and may have the capacity to store significant quantities. 
3.4 Summary 
The Humber Estuary had significantly elevated concentrations of dissolved 
inorganic As , with peak values ( < 22.8^^^45/^) in the upper estuary in the 
vicinity of the R T Z copper refiilery. T h e concentrations decreased with in-
creasing salinity in a non-linear manner, suggesting removal in the lower es-
tuary. This was confirmed by particulate data (Section 4.2.3) which showed 
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Table 3.10: A summary of the sediment data for inorganic As and Fe from 
the suspended particles (January 1988), the intertidal sediments (Apri l 1988) 
and the sediment core (May 1988). The samples were leached in O.OSM 
hydroxlaniine hydrochloride in 25% acetic acid. 
Sediment Type Inorganic As 
figAs/g 
Fe 
mgFe/g 
Suspended Particles 
-Humber Estuary 
-Tidal Ouse 
-Tidal Trent 
5.7 ± 0 . 8 
3.5 
2.7 
12.8 ± 5 . 8 
6.0 
4.8 
Intertidal Sediments 
-Humber Estuary 
-Tida l Ouse 
-Tida l Trent 
3.14 ± 2 . 3 3 
2.30 
2.27 
5.24 ± 2.92 
4.32 
4.09 
Sediment Core 
-Whole Core (20cm) 
-Surface (1cm) 
1.00 ± 0 . 4 8 
0.61 
4.21 ± 1.53 
3.11 
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that dissolved inorganic As was being transferred to the particulate phase, 
probably in association with an Fe-rich effluent from an titanium dioxide 
industry in the lower estuary. The estimated flux of particulate Fe out of 
the estuary was 23000iFfi / i /r , indicating its involvement in controlling the 
behaviour of As in the low e^r estuary. 
Particulate inorganic As and Fe showed significant increases in the up-
per estuary, suggesting removal from the dissolved phase at the freshwater-
brackish water interface. The significant correlation between inorganic As 
and Fe suggests that As is being removed from the water column by either 
co-precipitation with Fe oxyhydroxides or by scavenging from Fe precip-
itates that are already present. The concentrations of inorganic As and 
Fe in the intertidal sediments (3.14 ± 2.33figA3/g and 5.24 ± 2.92mgFe/g) 
and the sediment core (1.00 ± OASfigAs/g and 4.21 ± l.S^mgFe/g) were 
lower than the mean values of the suspended particles (5.7 i O.SfigAs/g and 
12 .8±5 .8m^/ ' e /<7 ) . T h e As:Fe ratios of the suspended particles were uniform 
whereas the intertidal sediments had higher ratios which varied significantly, 
the most enriched in As being in the upper estuary. This implies that the 
intertidal sediments are slowly scavenging As from the water coluirm. The 
lower concentrations in the intertidal sediments suggests that the Humber 
Estuary still has the capacity to store more As and metals within its more 
stationary sediments. Suspended particles are transported into the Humber 
Plume region and therefore As is leaving the estuary in the solid, as well as 
the dissolved, phase. This is supported by data discussed in Chapter 4 which 
shows a concentration gradient of particulate As away from the estuary. 
Methylated As species ( M M A and D M A ) were not detected in the upper 
Humber during any of the surveys, despite high water temperatures (19.7 ± 
OS^C in July 1989). This absence was attributed to the dynamics of the 
upper estuary, producing shallow, turbid conditions which severely inhibit 
light penetration and hence biological activity. In the lower Humber only 
D M A was detected in May 1990 and the concentrations were low (0.04 ± 
0.02figA3/l). The presence of D M A in the estuary may be a result of its 
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transport from the plume rather than by in-situ methylation. This data 
implies that the estuary is not a major source of methylated As to the 
North Sea. 
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Chapter 4 
Arsenic in the 
Estuarine Plumes of the 
Humber and Thames 
4*1 Survey techniques 
The cruises, which varied in location and extent, covered the outer Humber 
Estuary ( > 20p3u) and Plume area and the outer Thames Estuary ( > 19p3u) 
and plume. In total, six cruises on board RRS Challenger were carried 
out from the spring of 1988 to the summer of 1990. Sample collection 
during the cruises involved significant co-operation with other institutions. 
For example, the collection of seawater and suspended particle samples for 
As analysis, coincided with the trace metal sampling done by Polytechnic 
South West and Southampton University*s Department of Oceanography 
( S U D O ) . Similarly, the collection of bottom sediments and their porewaters 
was carried out with Plymouth Marine Laboratory ( P M L ) . The Proudman 
Oceanographic Laboratory ( P O L ) provided access to the North Sea data 
base for support information. Full details of all the surveys and cruises 
carried out in this study are shown in Table 4.1, along with a summary of 
the samples taken. 
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Table 4.1: Details of sampUng carried out in the Humber and Thames 
Plumes, m chronological order, from May 1988 to July 1990. CH=RRS 
Challenger cruise number. 
Date Location Samples Analysis 
8-15 May '88 
CH28 
Shakedown Cruise 
Humber Plume 
-Suspended particles 
-Master variables 
-Particulate As, Fe 
15-29 Dec '88 
CH42 
Humber Plume -Water samples 
(anchor station) 
-Master variables 
-Dissolved As 
12-20 Feb '89 
CH46 
Thames Plume -Water samples 
(anchor station) 
-Cores & porewaters 
-Suspended particles 
-Master variables 
-Dissolved As 
-Sediment As, Fe, 
M n & C a 
-Porewater As 
-Particulate As Sc Fe 
21 Sept.-3 Oct.'89 
CH61 
Survey Cruise 
North Sea 
-Water samples 
-Master variables 
-Dissolved As 
6-17 May '90 
CH65 
Humber Plimie -Water samples 
(anchor station) 
-Suspended particles 
-Porewaters 
-Master Vciriables 
-Dissolved As 
-Particulate As & Fe 
-Porewater As 
26 July - 7 Aug. '90 
CH69 
Humber Plume & 
Thames Plimie 
-Water samples 
(anchor station) 
-Suspended particles 
-Porewaters 
-Master variables 
-Dissolved As 
-Particulate As & Fe 
-Porewater As 
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Sampling in the estuarine plumes and North Sea was carried out on RRS 
Challenger, a specially designed, 54.3m vessel with a draft of 4.48m. It had 
full laboratory facilities and a "clean room" container specifically for trace 
metal sampling (Morley et al . , 1988). The container was fitted with a Milli-
Q water system and a laminar flow hood in which water filtration equipment 
could be manipulated. 
Apart from the water and sediment sampling, there was a thermosalino-
graph onboard which continuously monitored salinity and seawater temper-
ature. A n autoanalyser continuously monitored nitrate, nitrite, phosphate 
and silicate concentrations throughout the cruises. Al l the data, including 
the ships position, was logged on a central computer system. This enabled, 
for example, salinity, temperature, and fluorescence contour plots to be made 
available during the cruise, which provided useful information for modifica-
tion of sampling strategies whilst underway. 
Two water sampling systems were used during the cruises. One was 
a discrete method using automatically fired sampling bottles arranged on 
a stainless steel frame ( C T D ) , and the other was a continuous pumping 
method using a P E S (precision echo sounder) fish. 
4.1.1 Survey areas and cruise tracks 
The areas covered in this study can be divided into three main areas; the 
Humber Plume region, the Thames Plimie region and the southern North 
Sea. In total, six cruises were completed, one in the southern North Sea, 
and the other five over a seasonal cycle in the plimies. Table 4.2 gives a 
summary of the cruises corresponding to the sampling areas. 
The Humber Plume 
The area sampled in the Humber Plume cruises extended into the Wash and 
along the northern coast of Eas t Anglia, as shown in Figiu-e 4.1. In total, 
this area was sampled on four occasions to various extents, as explained in 
Table 4.2. 
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Table 4.2: Details of sampling carried out in the Humber Plume and the 
Thames Plume, from May 1988 to August 1990. 
SampUng Area Cruise number & date Brief sampling strategy 
Humber Plume 
and Estuary 
(Figure 4.1) 
CH28 - May 1988 
CH42 - Dec. 1988 
CH61 - Sept. 1989 
CH65 - May 1990 
CH69 - July/Aug. 1990 
"Shakedown" cruise - initial cruise 
for North Sea Project. Development 
of a sampling strategy with a 
limited estuarine transect, 
survey up to Grimsby. 
Comprehensive sampling track 
including 2 anchor stations at 
mouth of estuary. 
Survey track of the 
southern North Sea, which 
included sampling in the 
Himiber Plume. 
Revised sampling track to 
cover larger area, 
1 anchor station at estuary 
mouth. Included an axial 
survey of the estuary up to Hull. 
Repeat of track from C H 6 5 
1 anchor station. 
Thames Plume 
(Figure 4.2) 
CH46 - Feb. 1989 
CH69 - Ju ly / Aug . 1990 
Comprehensive sampling track 
including 1 anchor station. 
Short axial survey of the estuary 
entering along south west up to 
Gravesend and leaving via 
north coast. 
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SURVEY TRACKS 
- DEC. 1988-CH.42 
MAY 1990-CH.65 A 
JUL./AUG.1990CH.69 
HULL 
O ANCHOR STATION 
Humber 
Estuary 
M N 
Wash 
Figure 4.1: The Humber Plume cruise tracks for the surveys diuing Decem-
ber 1988 (CH42), May 1990 (CH65) and July/August 1990 (CH69). 
The ini t ial cruise track, which ran mostly parallel to the coast, was later 
modified to run perpendicular to the coast, so that the areas of maximum 
salinity and temperature gradients were intersected. 
The Thames Plume. 
The Thames Plume was sampled twice, once in winter (February 1989) and 
once in sunmier (July/August 1990). The first survey had an extensive 
cruise track which, within the constraints of water depth, ran parallel to the 
main submarine geological features, i.e. the Barrow Deep and Oaze Deep 
(Figure 4.2). The summer survey had a significantly reduced track due to 
time constraints. A summary is given in Table 4.2. 
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Figiire 4.2: The Thames Plume cruise track for the surveys during February 
1989 {CH46) and July/August 1990 (CH69). 
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4.1.2 Water sampling using a CTD-Rosette system 
The CTD-Rosette sampling system consisted of a stainless steel frame (called 
a rosette) onto which sample bottles and various sensors were mounted. The 
CTD system was capable of continuously logging data as i t was being lowered 
through the water colimin. A BBC microcomputer was used to display 
depth profiles of conductivity (salinity), temperature, turbidity, fluorescence, 
optical irradiance, and dissolved oxygen. This information was then used 
to determine the appropriate depths at which to take water samples as the 
CTD returned to the surface. 
Water samples were collected in 10/, teflon-lined "Go-Flo" bottles (Gen-
eral Oceanics, USA), which were cylindrical in design wi th open ends that 
were closed by ball valves. The bottles were kept closed as they were lowered 
through the water, in order to avoid any ship-derived pollution and the sur-
face micro-layer contaminants. At lOm the pressure-controlled ball valves 
opened automatically and could be closed again via an electronic triggering 
system^at the desired sampling depth. . 
On return to the ship, the Go-Flo bottles were removed from the rosette 
and mounted to the exterior of the clean container, where they were pres-
sured using compressed air (Figure 4.3). Fi l t rat ion of the sample took place 
within the clean container using PTFE filter presses, which held pre-weighed 
142mm, 0.45/im pore size Nuclepore filters. The large size of the filters was 
necessary for the collection of suflficient suspended particles for the subse-
quent metal analysis. Fil trat ion volumes varied f rom 2.3/ in the estuarine 
areas and algal blooms, to 30/ in the central North Sea. The filters were 
manipulated within a laminar flow hood where they were rinsed wi th 10m/ 
of distilled water and sucked dry to remove any salt, which would otherwise 
cause spurious results for the suspended particle loading. The filters were 
air-dried in petri dishes before being stored frozen. 
Samples of filtered seawater were collected in acid-washed, 250m/, Pyrex 
bottles for dissolved As analysis and were stored in the dark at 4''C7. Other 
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Figure 4.3: A "Go-Flo" bottle mounted to the exterior of the clean container 
for seawater sample filtration. 
samples were collected for trace metal analysis (at Southampton University) 
in I / , acid-washed, PTFE bottles, which were then acidified to pH I wi th 
HNOz-
4.1.3 Water sampling using a continuously pumping system 
The PES (precision echo sounder) fish enabled water samples to be pumped 
directly from 3m below the water surface to the clean container, whilst the 
ship was under way. The PES fish is an approximately 1.5m long structure 
which houses an acid-washed plastic sampling tube in its interior, with 5cm 
of i t extending out in front of the fish (Figure 4.4). The fish is lowered 
to the desired depth and the sample tube, which extends out behind the 
fish, is connected on the deck to a teflon lined pump with a displacement 
of ISOi/hour, The sample was then pumped to the clean container where 
there was a take-off point, the rest of the water went to waste. 
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Figure 4.4: The PES (precision echo sounder) fish deployed to the port side 
of RRS Challenger. A sampling tube runs the length of the fish and is 
connected to an on-board pumping system. 
Before a sample was required the pumping system was rxm for five min-
utes so that the remnants of the previous sample could be flushed out. A 
sample was then collected and stored in two, 10/ PTFE reservoirs. Sam-
pies were also taken for gravimetric analysis, salinity determination and 
aluminium analysis. The sampling interval was recorded so that an average 
time ( G M T ) could be taken and this was then used to determine the sam-
ple's position. This also enabled the retrieval of seawater master variables 
from the North Sea Database at POL. When the sample had been collected, 
the reservoirs were pressurised and filtration was carried out in the same 
manner as previously described (Section 2.3.2). 
4.1.4 Water sample sites in the Humber Plume 
Water samples were collected throughout the Humber Plume region during 
four cruises which were in December 1988 (CH42), September 1989 (CH61), 
May 1990 (CH65) and July/August 1990 (CH69). The samples were filtered 
through OASfim Nuclepore filters and stored at 4''C in the dark prior to the 
analysis of dissolved As, The location and the NSP identification numbers of 
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each sample are shown in Figure 4.5 (CH42), Figure 4.6 (CH61), Figure 4.7 
(CH65) and Figure 4.8 (CH69), respectively. 
4.1.5 Water sample sites in the Thames Plume 
Water samples were collected throughout the Thames Plume during Febru-
ary 1989 (CH46) and July/August 1990 (CH69). The location and NSP 
sample identification numbers are shown in Figure 4.9 (CH46), Figure 4.10 
(CH69), respectively. 
4.1.6 Sediment and porewater sampling 
Sediment cores were collected by using a box corer which takes a sufficiently 
large sediment sample (50cm square by 20cm deep) that the interior remains 
undisturbed. Subsamples, for As and trace metal analysis, were taken using 
a 10cm long, 8cm wide plastic core tube which was pushed into the sediment 
and retrieved by digging i t out of the box core. The samples were then stored 
at - 2 0 " ^ in the dark. Similarly, for porewater samples, sediment cores of 
20cm diameter by 10 to 20cm deep were taken using a stainless steel cutter. 
The cores were then transferred to plastic containers prior to porewater 
extraction. 
Porewater samples were obtained during the Humber and Thames Plume 
cruises. Sediment cores were collected as previously described, and a pore-
water sampler was inserted into the centre of each core (Watson k Frickers, 
1990). The cores were then held in a tank of seawater, with their top sur-
faces exposed to a continuous flow of salt water. After approximately two 
days porewater samples were drawn off under vacuum, via a series of frits at 
1cm intervals down the sampler. This method yielded samples of 10 to 20m/ 
which were stored i n acid-washed plastic containers at 4*'C in the dark. 
4.1.7 Support data 
A l l the master variable data.and information on river flows, tides and c^xI-
rents were made available f rom Proudman Oceanographic Laboratory as 
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Figure 4.5: The NSP sample identification numbers in the Himiber Plume, 
December 1988 (CH42). The numbers prefixed by P are for samples collected 
by the pump system, the other numbers represent CTD stations. At the 
anchor station, a. and b. refer to the range of CTD station numbers, 
inclusive. 
103 
Figure 4.6: The NSP sample identification numbers for the CTD stations in 
the Humber Plume, September 1989 (CH61). 
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Figure 4.9: The NSP sample.identification numbers in the Thames Plume, 
February 1989 (CH46). The numbers prefixed by P are for samples coUected 
by the pump system, the other numbers represent CTD stations. 
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Figure 4.10: The NSP sample identification numbers in the Thames Plume, 
July/August 1990 (CH69). The numbers prefixed by P are for samples 
collected by the pump system, the other numbers represent CTD stations. 
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part of the NSP. Contoured plots of temperature, salinity and fluorescence 
were produced during the plume cruises so that sampling on the subsequent 
circuits of the cruise tracks could be adapted to give the most information. 
The fluorescence data, which was later calibrated as chlorophyll {mg/l)^ 
was of particular interest. It indicated the intensity of biological activity 
and hence the possible location of areas high in methylated As compoimds. 
Also, the identification of phytoplankton species was made available from 
other members of the NSP. 
At the time of writing this thesis, not al l the data f rom the surveys was 
on the NSP Database. This prevented the presentation of a comprehensive 
collection of supporting information, for example the 1990 river flow data 
was not available. 
4.2 Results and discussion from the Humber Plume. 
The numerical details of the analyses carried out in this study are given in 
the appendices. 
4.2.1 Dissolved inorganic arsenic in the water column. 
Anchor stations 
Four anchor stations were carried out in the mouth of the Himiber Estuary, 
the locations of which are shown in Section 4.1.4. Two were in December 
1988 (CH42), a week apart, one was in May 1990 (CH65), and the last in 
August 1990 (CH69). Water samples were collected at hourly intervals for 
a t idal cycle, using the CTD system. Dissolved inorganic As was detected 
in all samples. 
The two anchor stations on the 2 1 " and 27"* of December 1988 (Fig-
ure 4.11) gave different mean concentrations of inorganic As, with 1.59 ± 
Q.17^gAs/l for the first station, and 0.94 ± O.lltigAs/l for the second. The 
difference in these values may be partly attributed to the change in river 
discharge, which was on average, 182.5m^/j during the first anchor station. 
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after which it almost doubled to 3l3.5m"*/3 during the second. The in-
creased freshwater flow could dilute the As discharged from the source in 
the upper estuary. Also, the two anchor stations covered the tidal change 
between springs and neaps. On the 7"* May 1990 the mean inorganic As 
was l.\0±0.UfigA3/l and on the 2"'^  August 1990 the concentrations were 
higher at 1.40 ± O.OSfigAs/l (Figure 4.12 and Figure 4.13). At the time of 
writing this thesis, the river flow data was not available for 1990. However, 
both surveys followed periods of low precipitation and in both cases the 
Humber Plimie was limited in its offshore penetration, producing elevated 
concentrations of dissolved As in the estuary. 
A l l the anchor station data showed a significant, positive correlation be-
tween dissolved inorganic As and salinity (Table 4.3). This is in contrast to 
the As-salinity relationship within the estuary which was negatively corre-
lated (Section 3.3.1). 
Also in May 1990, an axial transect was made of the Humber Estuary, 
covering a salinity range of 20.1 to 32.5 psu. A maximum inorganic As con-
centration {3.S2figA3/l) was found at the lowest salinity, this then reduced to 
a minimum (0.72/i^i4a//) at a salinity o(29.lpsu (Figure 4.14). The concen-
tration then increased with the anchor station samples (1.10 ± Q.ll^tgAa/l) 
and sti l l further with the plume samples, which had a mean concentration 
of 1.32 ± O . l S / i j A j / / . This indicates that dissolved inorganic As is being 
removed from the water column in the lower estuary. This process is prob-
ably linked to an acidic, Fe-rich efBuent f rom a t i tanium dioxide industry, 
which is located on the south bank of the lower estuary (Newell et al, 1984). 
On miTing wi th seawater, the precipitation of Fe would occur and the co-
precipitation of As could be a major process in its removal. Previous surveys 
(Turner, 1990) have shown Fe-rich suspended particles with large specific 
surface areas in this region, suggesting rapid precipitation. Further removal 
of As may occur by absorption onto the Fe precipitates (Section 3-3.2). The 
suspended particles corresponding to the dissolved samples were analysed for 
inorganic As and Fe (Section 4.2.3). The results showed an increase i n par-
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Figure 4.12: Dissolved inorganic As at an anchor station in the mouth of 
the Humber Estuary on 1'^ May 1990 (CH65). 
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the Humber Estuary on August 1990 (CH69). 
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Table 4.3: A summary of the data from the four anchor stations in the 
mouth of the Humber Estuary. B/D=below detection, N / A = n o t available. 
Anchor Stations ! 
Parameter CH42 
21^' Dec. 1988 
CH42 
27"^ Dec. 1988 
CH65 
7"^  May 1990 
CH69 
2^ ^^  Aug. 1990 
No. hourly samples 14 11 12 
-1 
!l 
12 i 
i 
Inorg. As (figAs/l) 1.59 ± 0 - 7 7 0.94 ± 0 . 1 7 1.10± 0.11 
I 
1.40 ± 0 . 0 8 j 
I 
M M A {figAs/l) B / D B /D B / D 
! 
0.06 ± 0 . 0 2 I 
D M A ifigAs/l) B / D B / D 0.03 ± 0.01 0.14 ± 0.04 ! 
I 
Salinity {psu) 30.81 ± 1.67 30.73 ± 1.27 32.19 ± 1.00 32.37 ± 0 . 6 1 ! 
1 
Temp. (^'C) 6.82 ± 0 . 2 4 7.20 ± 0 . 0 8 11.68 ± 0 . 5 8 17.99 ± 0.33 i 
Inorg. As u. Salinity r = 0.7665 r = 0.8414 r = 0.8340 r = 0.7533 j 
1 
River Flow {m^/s) 182.5 ± 52.9 313.5 ± 9 1 . 1 N / A N / A 1 
Chi a (fig/l) N / A N / A 3.5 ± 1.3 2.4 ± 0 . 6 ! ! 1 1 
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Figure 4.14: Dissolved inorganic As in the Humber Estuary and Plume, 
including data from an anchor station during May 1990 (CH65). 
ticulate inorganic As as the salinity increased, corresponding to a decrease 
in the dissolved As of the samples. Values of / f j also increased, suggest-
ing the transfer of inorganic As from the dissolved phase to the particulate 
phase (Section 4.2.3). At the anchor stations, the values of were highest 
at low water, this may be the result of the resuspension of sediments in the 
shallower water column. A l l the anchor stations, over a period from Decem-
ber 1988 to August 1990, showed the same inorganic As-salinity behaviour, 
which suggests that the removal of inorganic As from the water column is a 
permanent feature in this area of the Humber Estuary. 
Humber plume 
Filtered water samples were collected from the Humber Plume region on 
four occasions, December 1988 (CH42), September 1989 (CH61). May 1990 
(CH65) and July/August 1990 (CH69). Dissolved inorganic As was detected 
in all samples, the results of which are shown in Figure 4.15 (CH42), Fig-
ure 4.16 (CH61), Figure 4.17 (QH65) and Figure 4.18 (CH69), respectively. 
A summary of the data is given in Table 4.4 
During the four surveys, the plume area was well-mixed wi th respect to 
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116 
Figure 4.16: Dissolved inorganic As in the Humber Plume, September 1989 
(CH61). The NSP sample identification numbers are given in Section 4.1.4. 
117 
UJ A
s 
1 
AN
 s 
o GC o o o 
O r> C* W 
z « V V V V V 
> o tn 9 9 
o CM z tu 
.6
5-
SO
LV
 • • • • • • 
X (/) 
a 5 
Figure 4.17: Dissolved inorganic As in the Humber Plume, May 1990 
(CH65). The NSP sample identification numbers are given in Section 4.1.4. 
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Figure 4.18: Dissolved inorganic As in the Humber Plume, July/August 
1990 (CH69). The NSP sample identification numbers are given in Section 
4.1.4. 
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Table 4.4: A summary of the dissolved As data f rom four cruises in the 
Humber Plume; December 1988 (CH42), September 1989 (CH6I ) , May 1990 
(CH65) and July/August 1990 (CH69). N / D = n o t detected, N / A = n o t avail-
able. Phosphate data is from the pump stations only. 
Humber Plume 
Parameter 
CH42 
Dec. 1988 
CH61 
Sept. 1989 
CH65 
May 1990 
CH69 
Juiy/Aug. 1990 
No. of samples 26 15 37 23 
Inorg. As {^gAa/l) 2.57 ± 0 . 3 4 1.05 ± 0 . 1 3 1.32 ± 0.18 1.20 ± 0 . 1 5 
M M A ifigAs/l) N / D 0.08 ± 0 . 0 6 N / D 0.05 ± 0 . 0 2 
DMA ifigAa/l) N / D 0.20 ± 0 . 0 7 0.05 ± 0 . 0 2 0.21 ± 0.05 
Salinity {psu) 33.72 ± 0 . 8 6 34.39 ± 0 . 1 6 33.95 ± 0 . 6 2 34.11 ± 0 . 1 8 
Temp. ["C) 7.20 ± 0 . 7 6 15.12 ± 0 . 5 2 10.47 ± 1.06 16.30 ± 1.37 
Chi a (fig/l) N / A 1.0 ± 0 . 3 4.6 ± 3.5 N / A 
Phosphate {fiM) 1.04 ± 0 . 3 7 0.83 ± 1.23 0.73 ± 0 . 3 1 0.36 ± 0.08 
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Table 4.5: Dissolved As and phosphate in the Humber Plume ordered by 
season. N /A=no t available. 
Season Cruise date Inorganic As % M M A 
& D M A 
of total As 
Phosphate 
Winter CH42-December 1988 2.57 ± 0 . 3 4 0 1.04 ± 0 . 3 7 
Spring CH65-May 1990 1.32 + 0.18 4 0.73 ± 0 . 3 1 
Summer CH69-July/August 1990 1.20 ± 0 . 1 5 18 0.36 ± 0 . 0 8 
Autumn CH61-September 1989 1.05 ± 0 . 1 3 21 0.83 ± 1.23 
inorganic As except for generally lower values in the mouth of the Humber 
Estuary, as previously described. The results do not show clearly that the 
Humber Estuary is a direct source of dissolved inorganic As to the plume 
region, due to the absence o f a concentration gradient away f rom the estuary. 
This suggests that a large proportion of As is exported f rom the estuary in 
the solid phase and the suspended particles showed a concentration gradient 
to support this (Section 4.2.3). 
The highest concentrations of dissolved inorganic As were found in De-
cember 1988, with a mean value of 2.57 ± 0.34^^-43//. The lowest values 
were found in September 1989 when the mean concentration was 1.05 ± 
O.lZfxgAa/l, Although the sampling was carried out over two years, there 
appears to be a distinct seasonal trend, wi th the highest concentrations of 
dissolved inorganic As in the winter, followed by a steady reduction unti l 
the lowest values are reached in early autumn (Table 4.5). The methy-
lated As had an opposite trend with peak concentrations in the autumn 
which contributed 1% of the total As (Section 4.2.2). When concentrations 
of phosphate become low, some phytoplankton take up As(V) in its place. 
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which they then reduce and methylate, in effect reducing its toxicity (Sanders, 
1979b). This process causes the release of As(in), M M A and D M A into the 
water column (Sanders k Windom, 1980; Sanders 1985). Inorganic As and 
phosphate concentrations were both at their highest in the winter. The low-
est concentrations of phosphate occurred in the simimer whilst for inorganic 
As minimum values were found in the autumn. Figure 4.19 and Figure 
4.20 show phosphate data from December 1988 (CH42) and July/August 
1990 (CH69) which has been contoured using the UNIRAS package. The 
reduction in phosphate from the winter to the late summer can be clearly 
seen. Also, during the winter the highest phosphate concentrations were 
in The Wash, whilst in late summer, The Wash was depleted in phosphate 
and there was an obvious signal from the Humber Estuary. There were 
no significant correlations between inorganic As and phosphate, a fact also 
found by Sanders (1985). In many phytoplankton species, inorganic As is 
not taken-up until the phosphate is depleted and most removal of phosphate 
occurs in The Wash. However, the methylated As species were not signif-
icantly higher in this area. Changes in inorganic As concentrations may 
also be linked to its transport across the sediment-water interface. Diffusive 
fluxes of As from undisturbed sediments in the Humber Plume were found 
to be small (Section 4.1.7.). However, bioturbation and resuspension may 
be responsible for the release of larger quantities of dissolved As from the 
sediments, but theses processes are difficult to quantify. 
4.2.2 Dissolved MMA and D M A in the water column. 
Anchor Stations 
Four anchor stations were carried out in the mouth of the Humber Estuary, 
two in December 1988 (CH42), in which M M A and D M A were not detected, 
one in May 1990 (CH65), when only D M A was found, and the last one in 
July/August 1990 (CH69) when both M M A and D M A were detected. The 
absence of methylated As in December was in association wi th low water 
temperatures (approximately l^C) and it has been reported that even 
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Figure 4.19: Dissolved phosphate in the Humber Plume, December 1988 
(CH42). Units in / i M . (SuppUed by R. Rowland, PML.) 
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Figure 4.20: Dissolved phosphate in the Humber Plume, July/August 1990 
(CH69). Units in / lA / . (SuppUed by R. Howland, PML.) 
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i f phytoplankton species are present, methylation is not observed until the 
temperature exceeds 12**C (Howard et al., 1982). A simmiary of the results 
is given in Table 4.3. 
In May 1990 (Figure 4.12) the concentration of D M A over the 12 hour 
period was 0.03 ± O.OlfigAs/l^ with some samples being below detection. 
This value was slightly lower than the mean plume concentration of 0.05 ± 
0.02^gAs/l (Table 4.4). During the axial transect of the Humber Estuary 
(May 1990) D M A was just above detection (0.04 ± Q.02figAs/l), 
In July/August 1990 the concentrations of M M A and D M A were 0.06 ± 
0.02figAs/l and 0.14 ± QM^igAs/l, respectively (Figure 4.13). The M M A 
in this area was marginally higher than the mean plume concentration of 
0.05 ± 0.02figAs/lj but the D M A was much lower than the plume which was 
0.21 ± O.Oh^gAs/l (Table 4.4). 
At the anchor stations where methylated As was detected, there was 
no correlation wi th salinity, unlike inorganic As which had a significant, 
negative correlation. The concentration of chlorophyll a in May 1990 was 
lower in the estuary (2.1 ± OAfig/l) than in the plume region (4.6 ± ZS^gfl) 
suggesting that mcirine phytoplankton were responsible for the presence of 
methylated As. Chlorophyll a was higher in May 1990 than in July/August 
1990 (Table 4.3), but on both occasions there were no significant corre-
lations wi th D M A . The source of methylation in other UK estuaries has 
been identified as the high salinity zone near the estuary mouth and simi-
larly, correlations between methylated As and chlorophyll a have not been 
found (Howard et al., 1982; Howard et al., 1988). Unfortunately, there was 
no phosphate data available for the anchor stations, but in this estucirine 
environment concentrations were probably sufficient to support biological 
activity which would minimise the quantity of As(V) taken-up in its place. 
These results suggest, in conjunction wi th those from the Humber Estuary 
(Chapter 3), that M M A and D M A are produced by marine phytoplankton 
and therefore the estuary is not acting as a source of methylated As to the 
Humber Plume. 
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Humber Plume 
Four surveys were conducted in the Humber Plume during December 1988 
(CH42), September 1989 (CH61), May 1990 (CH65) and July/August 1990 
(CH69). Water samples were analysed for dissolved M M A and D M A , in 
addition to dissolved inorganic As. M M A was only detected in September 
1989 (Figure 4.21) and July/August 1990 (Figure 4.24). D M A was detected 
in September 1989 (Figure 4.22), May 1990 (Figure 4,23) and July/August 
1990 (Figure 4.25). A sunmiary of the results is given in Table 4.4. 
In September 1989 both M M A and D M A were detected, but the D M A 
(0.20±0.07/^5/Is / / ) was in excess of the M M A {0.0S±(}MfigA3/l) which was 
below detection in some samples. D M A tended to have higher values in the 
area north-east of the Humber Estuary and lower values in The Wash. The 
M M A had a similar distribution, and was fairly well correlated wi th D M A 
(r = 0.76). The mean phosphate concentration was 0.83 ± 1.23/imo///, wi th 
peak values in the vicinity of the Humber Estuary and low values in The 
Wash. Chlorophyll a had a mean value of 1.0x0.3/ig//, wi th the highest con-
centrations in isolated patches, with The Wash area having below average 
concentrations. Phosphate was poorly correlated with chlorophyll a, sug-
gesting that there is a complicated relationship between phosphate removal, 
and therefore As(V) removal, and chlorophyll production. In some areas, 
low concentrations of inorganic As corresponded to high concentrations of 
D M A . However, over the whole plume region the correlation was insignifi-
cant. Similarly, D M A was not correlated wi th phosphate, chlorophyll a or 
temperature. 
In May 1990, only D M A was detected, wi th a mean value of 0.05 ± 
0.02figAs/l, which was lower than September 1989 (0.20 ± 0.07). I t was a 
period of low freshwater discharge and a well-mixed water coliunn was found 
throughout. The samples were collected during a developing algal bloom, 
identified as Phaeocysiis, which was predominantly in The Wash. Chloro-
phyU a concentrations increased over the two week period, in conjunction 
wi th rising water temperatures, which had a mean value of 10.45 ± 1.06*'C. 
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3 
Figure 4.21: Dissolved M M A in the Humber Plume. September 1989 
(CH61). The NSP sample identification numbers are given in Section 4.1.4. 
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Figure 4.22: Dissolved D M A in the Humber Plume, September 1989 (CH61). 
The NSP sample identification numbers are given in Section 4.1.4. 
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Figlue 4.23: Dissolved D M A in the Humber Plume, May 1990 (CH65). The 
NSP sample identification numbers are given in Section 4.1.4. o 
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Figure 4.24: Dissolved M M A in the Humber Plume, July/August 1990 
(CH69). The NSP sample identification numbers are given in Section 4.1.4. 
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Figure 4.25: Dissolved DMA in the Humber Plume, July/August 1990 
(CH69). The NSP sample identificatioa numbers are given in Section 4.1.4. 
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Despite high concentrations of chlorophyll a (4.6 i ZAfigAs/l)y DMA was 
just above detection in most samples, and there was no correlation between 
them. From NSP data, it was evident that the strongest nutrient signals 
came from the Humber Estuary, but they were low in The Wash, perhaps 
due to removal in the bloom. 
Also in May 1990, a large volume, unfUtered water sample (CTD 3000) 
was collected by PML for studies on nutrient and trace metal uptake and 
release by phytoplankton. The sample was incubated at 20*C in constant 
light for 6 days, subsamples were taken at approximately daily intervals. 
The DMA concentration of the init ial sample was near the detection l imit 
at OM^gAs/l, M M A was not detected. Throughout the following 6 days, 
DMA was at, or below detection while the inorganic As showed a consistent 
decrease at a rate of OMfMgAsJl/day (Table 4.6). Over a seasonal cycle this 
removal would be significant, with a total uptake over two months of the 
growth period of 2^gA3/l. This removal is close to that observed over a 
seasonal cycle in the Humber Plume region (Table 4.5). The fairly constant 
D M A concentration suggests that there is a delay between the uptake of in-
organic As and the release of M M A and D M A . The conversion of inorganic 
As to methylated compounds by cultures of marine algae in seawater has 
been widely reported (Andreae, 1979; Sanders & Windom, 1980). Sanders 
et al. (1989) reported a 100 to 200% increase in the As content of phyto-
plankton exposed to dissolved As in conjuction wi th a phosphate deficiency. 
In July/August 1990, both M M A and D M A were detected, with mean 
values of 0,05 ± 0.02^gA3/l and 0.21 ± O.OS^gAs/l, respectively. These 
concentrations were far higher than those in May 1990, when the algal bloom 
was very dense in The Wash area. By July/August 1990 there were only 
isolated small areas of phytoplankton. The conditions were similar to those 
in May 1990, wi th low freshwater discharge, a well-mixed water column and 
a strong nutrient signal from the Humber, but not from The Wash (Morris, 
1990a). During this survey the phosphate concentrations were at their lowest 
(0.36 i OMfiM) and were most depleted in The Wash (Figure 4.20). This 
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Table 4.6: The results from a six day phytoplankton incubation experiment. 
The initial water sample (CTD 3000) was collected in May 1990 (CH65). 
B / D = below detection. 
Inorg. As 
{tigAsIl) 
D M A 
ifigAs/l) 
Time 
(hours) 
(1) 1.39 0.04 0 
(2) 1-35 0.04 58 
(3) 1.22 B / D 89 
(4) 1.26 B / D 110 
(5) 1.16 0.04 134 
shows that there was significant removal of dissolved phosphate as a residt 
of primary production. 
M M A and D M A in the water column showed strong seasonal behaviour. 
In the winter (December 1988), with low water temperatures (7 .20±0.76 ' 'C) , 
M M A and D M A were not detected. In late spring (May 1990), when the phy-
toplankton blooms were developing in a water temperature of 10.47±1.06 ' 'C, 
only D M A was detected and at very low concentrations. By late summer 
(July/August 1990) and early autunm (September 1989) both species were 
detected at their maximum concentrations and contributed upto 21% to the 
total As in the water colunm (Table 4.7). Similar and far higher percent-
ages of methylated As have been reported (Table 4.8). The production and 
release of M M A and D M A to the water column is in conjuction wi th the 
removal of inorganic As (Table 4.5) 
Throughout the Humber Plume D M A was higher in concentration than 
M M A . The dominance of D M A in the marine environment has been re-
ported previously (Andreae & Klumpp, 1979; Sanders, 1983; Howard et 
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Table 4.7: The seasonal trend of dissolved M M A and DMA in the water 
column in the Humber Plume. B/D=below detection. 
Season Date M M A DMA Temp. 
(fxgAs/l) ifxgAs/l) 
Winter December 1988 B / D B / D 7.20 ± 0 . 7 6 
Spring May 1990 B / D 0.05 ± 0 . 0 2 10.47 ± 1.06 
Summer July/August 1990 0.05 i 0.02 0.21 ± 0.05 16.30 ± 1.37 
Autumji September 1989 0.08 ± 0.06 0.20 ± 0 . 0 7 15.12 ± 0 . 5 2 
al., 1982; Froelich et al, 1985). There were no correlations between D M A , 
phosphate and chlorophyll a during the surveys. Sanders (1985) found a 
good correlation between methylated species and phytoplankton abundance 
in the simuner, but in winter, although the phytoplankton were still present, 
methylated species were not detected. This suggests that there are many 
factors involving the release of methylated As to the water column. The 
toxicity of A ( V ) to phytoplankton is believed to be species specific (Sanders 
& Vermersh, 1982) but in natural phytoplankton assemblages As(V) has 
been found to have little impact on the population as a whole (Planas 8c 
Lamarche, 1982). Andreae & Klumpp (1979) found that cultures of marine 
phytoplankton actively took up As(V) at natural concentrations irrespec-
tive of the phosphate concentration, and released As(in), M M A and D M A . 
However, other phytoplankton species only take up As(V) when phosphate 
becomes depleted, and this is less likely to occur in an estuarine environ-
ment (Andreae, 1979; Sanders 1985). Other organo-As compounds, such as 
arsenolipids and arsenosugars have been identified in the cells of phytoplank-
ton (Andreae & Klumpp, 1979'; Edmonds & Francesconi, 1981; Wrench ic 
Addison, 1981). Recently, As compounds more complex than D M A , have 
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been found in the water column (Howard & Comber, 1989) and i f M M A and 
DMA are decay products of these these unidentified compounds, then there 
would be a delay between the peak primary production and the observation 
of M M A and D M A . The natural succession of phytoplankton species in the 
Morth Sea could explain the absence of methylated species in spring. Di-
atoms generally dominate in spring in the spring blooms, whilst in summer 
the dinoflagellates are more prolific (Adams, 1983). Morris et al. (1984) 
identified a spring diatom bloom which, despite low phosphate concentra-
tions, did not take up As(V). However, Apte et al. (1986) found that methy-
lated As was associated with the decay of such a bloom. This would explain 
the low concentrations of M M A and DMA found during the spring bloom 
in the Humber Plume. 
Reduced and methylated As in the water column are also generated by 
the presence of bacteria. Johnson (1972) identified seawater bacteria which 
can reduce As(V) to As(III) without acciunulation. However, other bacteria 
can oxidise As(III) to As(V), in a possible detoxification process (Scudlark 
& Johnson, 1982). This further complicates the cycling of As in the water 
column. 
4.2.3 Suspended particles 
Suspended particles were collected in the Humber Estuary and Plume during 
May 1988 (CH28),May 1990 (CH65) and July/August 1990 (CH69). They 
were extracted with IM HCl and analysed for inorganic As and Fe. The As 
associated with suspended particles has been identified as predominantly 
inorganic even when concentrations of dissolved methylated As are high 
(Howard et al., 1988), therefore i t was considered uimecessary to analyse 
for M M A and D M A . The sample locations and the inorganic As results for 
May 1988 are given in Figiire 4.26, and for the other two surveys they are 
in Figure 4.27. A summary of the data is given in Table 4.9. 
A l l three surveys showed elevated concentrations of inorganic As and Fe 
in the estuary and in the vicinity of the anchor stations, wi th concentrations 
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Table 4.8: The maximum percentage of dissolved methylated As in the water 
column compared to the total dissolved As. A selection from the literature. 
Some authors also induced As(III) in the values. 
Location 
% 
Methylated 
As 
Reference 
Tamar, UK- 15 Howard et al. (1988) 
Charlotte Harbor, USA 10 Froelich et al. (1985) 
South Atlantic 15 to 20 Sanders & Windom (1980) 
Beaulieu, UK 70 Howard et al. (1984) 
Chesapeake Bay, USA 80 Sanders (1983) 
Salton Sea, USA 
1 
90 Andreae & Klumpp (1979) 
1142 1 
21*1 11431 
^ 40-4 
Humber Estuary 
1144 1 
Grimsby 17.4 I14SI 146 
Figure 4.26: The suspended" particle sample locations from May 1988 
(CH28). The numbers in brackets are the NSP identification numbers, the 
other nimibers are the concentrations of inorganic As [figAs/g). 
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Figure 4.27: (a). The suspended particle sample locations with the NSP 
identification numbers for May 1990 (CH65) and July/August 1990 (CH69). 
(b) The concentrations of particulate inorganic As {^gAa/g) for the same 
period. 
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Table 4.9: A summary of the inorganic As and Fe data from suspended 
particles collected in the Humber Estuary and Plume in May 1988 (CH28), 
May 1990 (CH65) and July/August 1990 (CH69). N / A = n o t available 
S uspended Particles 
Parameter May 1988 
CH28 
May 1990 
CH65 
Jul/Aug- 1990 
CH69 
No. of samples 5 14 7 
Lnorg. As {^gAs/g) 19.9 ± 12.5 42.8 ± 22.2 21.4 ± 19.8 
Fe [mgFe/g) 24.4 ± 6 . 6 25.0 ± 13.5 14.5 ± 16.9 
Inorg. As Fe r = 0.8243 r = 0.9351 r = 0.9620 
Salinity (psu) 29.1 ± 3 . 8 29.1 ± 4 . 7 33.2 ± 1.3 
As:Fe ( x l O ' ^ ) 0.22 to 1.32 1.35 to 7.78 0.86 to 205 
KaX iQ^{ml/g) N / A 2.1 to 94.3 2.1 to 47.4 
Regression Eqn. 
all samples 
Fe = = o37Inorg.As + 4526 
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decreasing at high salinities and greater distance from the estuary mouth 
(Figure 4.28). The rapidly eroding Holderness Cliffs supply 1.4 x lO^t/yr of 
sediments to the North Sea and the residual currents transport it towards 
the Humber Estuary where 63400f/yr of sediment is deposited in the mud-
fiats (McCave, 1987). This may supply fresh particles to the estuary where 
the may take part in removal processes. The data f rom May 1990, which 
was the most comprehensive, showed a general increase in inorganic As on 
the particles at the estuary mouth (Figure 4.29). The scatter in the results 
is probably due to pollutant inputs near the mouth of the estuary. More 
seaward of this area, the data from the anchor station showed that samples 
from a similar salinity range (30.6 and 31.3p6u) had lower concentrations 
of inorganic As and Fe. The distribution coefficient between the particulate 
and dissolved phase, Kd {ml/g), is given by, 
Kd = C^IC^ (4.1) 
where Cp is the particulate concentration and Cu, is the dissolved concen-
tration (Balls, 1989). Values of were calcuJated for the correspnding 
particulate and dissolved inorganic As results f rom May 1990. There was 
a significant transfer of dissolved inorganic As from the dissolved phase to 
the particulate phase in the mouth of the estuary, with values of / f ^ rang-
ing from 16.9 X lO^ml/g in the middle estuary, to 94.3 x IQ^ml/g at the 
mouth (Figure 4.29). This removal of As from the water column is linked to 
the location of an acidic, Fe-rich efiluent from a t i tanium dioxide industry 
in the lower estuary (Newell et al., 1984). Values of Kd f rom July/August 
1990 also show that with distance from the Htmiber Estuary, the balance 
of inorganic As between the dissolved and particulate phases shifts to the 
dissolved phase (Table 4.9). 
Data from the three surveys show that inorganic As is well correlated 
with Fe (Table 4.9) and that there is an approximate linear relationship 
between them (Figure 4.30). This suggests that the Fe oxyhydroxides on 
the suspended particles are the controlling factor in the uptake of As onto 
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Figure 4.28: Plots of inorganic As and Fe against salinity for suspended 
particles f rom the Humber Estuary and Plume, May 1988 (CH28), May 
1990 (CH65) and July/August 1990 (CH69). 
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Figure 4.29: Inorganic As and Kd x 10^ (m/ /y ) for suspended particles f rom 
the Humber Estuary and Plume during May 1990 (CH65). 
the particles. Data from the Thames shows that the suspended particles 
from the Humber Plume are more enriched in inorganic As with respect to 
Fe. 
4.2.4 Dissolved arsenic in porewaters 
Sediment porewater profiles were collected from the Humber Plume during 
May 1990 (CH65) and July/August 1990 (CH69). In addition to the plume 
area, samples were also collected from a site north of the Dutch coast, re-
ferred to as the North Resuspension Site. Four porewater profiles were 
collected in each cruise, with sites at the Silver Pit and the North Resus-
pension Site being sampled during both surveys. The locations of the sample 
sites are shown in Figure 4.31. The porewaters were obtained as described 
in Section 4.1.6 and were analysed for dissolved inorganic As, M M A and 
DMA. 
Dissolved inorganic arsenic. 
Dissolved inorganic As was detected in all eight porewater profiles. The 
results from May 1990 and July/August 1990 are shown in Figure 4.32. 
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Figure 4.30: Inorganic As plotted against Fe for suspended particles from 
the Humber Plume and Estuary, May 1988 (CH28), May 1990 (CH65) and 
July/August 1990 (CH69). The linear regression for the Thames suspended 
particles (February 1989) is also included. 
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Figure 4.31: The location of the porewater sample sites f rom May 1990 
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A l l the cores had subsurface, maximum inorganic As concentrations that 
were higher than the concentration of inorganic As in the water column 
above (approximately 12m deep). Similar results were found by Peterson k 
Carpenter (1986) in the Washington coast area. The top 1cm of each profile 
had minimum values which ranged from 0.7 to S-^ngAs/l. The porewaters 
f rom the Silver Pit (profile 5) and The Wash (profile 7) had surface values 
higher than the water above, while in the other profiles this was reversed 
(Table 4.10). However, it must be noted that the dissolved inorganic As 
concentrations at the seawater-sediment interface may be different to those 
measured at the depth that the water samples were taken. Areas where 
resuspension was observed had higher inorganic As concentrations in the 
bottom water compared to the surface water. The depth of the maximum 
inorganic As concentration varied f rom 3 to 8cm. The porewaters f rom the 
Humber (profile 6) and the North Resuspension Site (profile 8) had very 
pronounced peaks of 28.4 and \o.SngAs/l which occurred at 6 and 7cm 
deep, respectively. Other cores, such as the The Wash (profiles 3 & 7) had 
a series of small peaks. 
In May 1990, the inorganic As in the four porewater profiles varied from 
0.2 to 22.^^gA9lwith the Silver Pit (profile 1) having the highest concen-
trations. This sample from the Silver Pit also had extremely high concen-
trations of M M A , with a peak value of 71.9/1^^43//, indicating a high total 
content of As. The Silver Pit, which is a depression that rims adjacent to 
the Humber Estuary in a NE-SW direction, contains sandy clays which are 
deposited at a rate of 22 to 45cr7i/100yr (Zagwijn k Veenstra, 1966; Eisma 
& Irion, 1988). Particles, under certain conditions, are transported towards 
•* the Silver Pit from the Humber Estuary and possibly the dumpsite which 
is 20)bm from the estuary, where 0.1 x IQ^t/yr of sewage, dredgings and 
industrial wastes are dumped (Parker, 1988). The dumped material w i l l be 
subject to chemical changes which can cause the release of metals and nutri-
ents to the water column (Forstner k Salomons, 1988). During May 1990, 
the Humber Plume was confined and extended mainly southwards along the 
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Table 4.10: The inorganic As concentrations in the porewater profiles from 
the Humber Plume area and the North Resuspension Site. The dissolved 
inorganic As concentrations for the water colunm above (12m deep) are 
included. 
Dissolved Inorganic As [fsgAa/l) Depth of 
Porewater Location Porewater Porewater Water As peak 
Top Icm Max. colunm (cm) 
May 1990 (CH65) 
(1) Silver Pit 1.1 22.3 1.29 6 
(2) SE of grid 0.9 13.9 1.17- 6 
(3) The Wash l . l 10.4 1.34 5 
(4) N . Resusp. Site 0.7 10.8 1.17 6 
July/Aug. 1990 (CH69) 
(5) Silver Pit 6.3 12.5 1.14 8 
(6) Humber 0.5 28.4 1.40 6 
(7) The Wash 4.2 18.7 1.12 7 
(8) N . Resusp. Site 0.8 29.4 0.89 7 
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Figure 4.32: Inorganic As porewater profiles from the Humber Plume during 
May 1990 (CH65). (1) Silver Pit, (2) SE Grid, (3) The Wash. (4) North 
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coast, however, there was an indication from the salinity data that there was 
an easterly transport of water from the Humber Estuary across the Silver 
Pit (Morris, 1990a). This may explain the high concentrations of As found 
in the porewaters of the Silver Pit. 
In July/August 1990 the dissolved inorganic As in the profiles ranged 
from 0.5 to 29AfigAs/g with the peak values f rom the Himiber (profile 6) 
and the North Resuspension Site (profile 8). Profiles from The Wash and the 
North Resuspension Site showed increases in inorganic As in the porewaters 
in July/August 1990 compared to May 1990. Aggett & 0*Brien (1985) found 
similar increases of total As and Fe(n) in porewaters in the summer. 
The redox potential {Eh) of sediments changes with the onset of chem-
ical reactions (Table 4.11). As sedimentary organic matter is decomposed 
by microbial action, various oxidants are used as sources of energy, in the 
foUowing sequence; O2 > NO^ > Mn02 > Fe{0H)2 > 5 0 ^ " > CO2 
(Watson et al., 1985). Oxygen, which is supplied to the oxic zone of the 
sediments by diffusion f rom the overlying water, is consumed first, causing 
the release of HPOl~ and HCOz~ to the porewater (Reimer, 1989). 
This is followed by the reduction of NO^, M n ( I V ) and Fe(III) oxides in the 
suboxic zone, causing N , Af n^ "*" and Fe^+ to be released (Reimer, 1989). 
In the anoxic layer, first sulphates are reduced and H2S is produced, and 
then CO2 producing methsine. The thickness of these layers is dependent 
on the sedimentation rate, the organic content and the supply of oxidants 
to the sediment (Reimer, 1989). The temperature of the core wil l affect 
the microbial activity, with higher temperatures accelerating metabolic pro-
cesses. The cores from May 1990 had a mean temperature of 11.3"C whilst 
in July/August it was higher at 16.8''C (Table 4.11). When the Eh ranges 
from 0 to 200TnK, Fe(m) is reduced to Fe(n) (Watson et al. 1985). As Fe 
becomes more reduced and its oxyhydroxides are solubilised, there wi l l be a 
simultaneous release of the As, which is absorbed on to the oxyhydroxides 
(Maher, 1984/85; Belzile k Tessier, 1990). The reduction of M n oxyhydrox-
ides, causing the release of the As associated wi th them, usuaUy precedes 
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Table 4.11: Typical redox potentials wi th their associated sediment chem-
istry, from Watson et al. (1985). 
Redox Potential {mV) Redox Chemistry 
-f-300 to -f-500 Anaerobic oxidation. 
Redox couples of oxygen, 
nitrate/nitri te & manganese. 
+200 to -1-300 Denitriiication 
0 to -p200 Fe(in) to Fe(n) reduction 
Below -r50 Sulphate reduction 
the release of Fe to the porewater. Peterson and Carpenter (1986) found 
in porewater profiles that Mn was the first peak encountered at depth, fol-
lowed by Fe then As in the Washington coast, or As then Fe in Puget Sound. 
Their explanation for the absence of coinciding M n and As peaks, is that As 
released by M n reduction is re-absorbed by the Fe oxyhydroxides which are 
solubilised at lower redox potentials. A summary of the redox potentials, 
which were supplied by PML, is given in Table 4.12. 
Porewater inorganic As and other metals. 
Data on the porewater Mn was made available by PML, and a summary of 
the data is provided in Table 4.13. Surface values (1cm deep) ranged f rom 
lifigMn/l in The Wash (profile 3) to 20l^gMn/l in the Humber (profile 
6). The Silver Pit (profile 5) had the lowest range of M n concentrations, 
wi th Z4figMn/i at the surface to a maximum of JlSfigMn/l at a depth of 
5cm. The profile from the SE Grid (2) had the maximum M n values of 
11837/iyA/n// (6cm deep), followed by the Humber (6) wi th 10460/iyMn// 
(9cm deep). 
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Table 4.12: A suxnmary of the redox potentials of the cores f rom the Humber 
Plume area and the North Resuspension Site. The redox potentials are given 
for the top 1cm and the bottom 10cm, except for profile 5 where it is 8cm. 
Porewater 
Profile 
Eh [mV) 
Top to Bottom 
Depth of 
200mV 
(cm) 
Core 
Temp. 
( " O 
May 1990 (CH65) 
(1) Silver Pit 
(2) SE of grid 
(3) The Wash 
(4) N . Resup. Site 
+317 to +48 
+402 to +110 
+464 to +35 
+420 to +58 
1-2 
3-4 
3-4 
5-6 
11 
12 
12 
10 
July/Aug. 1990 (CH69) 
(5) SUver Pit 
(6) Humber 
(7) The Wash 
(8) N . Resup. Site 
+371 to +71 
+402 to +57 
+416 to -20 
+437 to +100 
4- 5 
5- 6 
4-5 
4-5 
16.5 
17.9 
17.5 
15.1 
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Table 4.13: A summary of the porewater Mn data f rom May 1990 (CH65) 
and July/August 1990 (CH69), as suppUed by P M L . ' 
Porewater Location Dissolved Mn Peak Inorg. As 
Depth V, Mn 
Surface 1 Max. (cm) p 
May 1990 (CH65) 
(1) Silver Pit 171 3419 4 -0.1217 
(2) SE Grid 60 11837 6 0.7897 
(3) The Wash 11 1594 7 0.8096 
(4) N . Resusp, Site 198 7913 6 0.6490 
July/Aug. 1990 (CH69) 
(5) Silver Pit 34 718 5 0.7641 
(6) Humber 201 10460 9 0.4300 
(7) The Wash 190 6213 2 0.2365 
(8) N . Resusp. Site 112 4798 10 0.5386 
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Profiles from the Silver Pit ( I ) , SE Grid (2), North Resuspension Site (4 
and 8) and The Wash (7), all had small Mn peaks near the surface (2 to 3cm 
deep) followed by larger peaks lower down the profiles, whilst the others had 
peaks only between 5 and 8cm deep. Profiles which were surface enriched 
with Mn were also found by Belzile (1988) in the Laurentian Trough. This 
was attributed to the cycling of Mn causing upwards migration of dissolved 
Mn, followed by precipitation in the oxidising subsurface layer. The profiles 
from SE Grid (2), North Resuspension Site (4), Silver Pit (5) and The 
Wash (7) had Mn peaks at 6 to 8cm deep which coincided wi th inorganic 
As peaks. This suggests the simultaneous release of the As associated with 
the Mn phase (Moore et al., 1988; Rees, 1988). Inorganic As may have 
been released in association with Mn, but then been re-precipitated onto 
the Fe oxyhydroxides (Peterson & Carpenter, 1986). In all the profiles, 
except for The Wash (3), inorganic As peaks either occurred at the same 
time or after the Mn peaks. The profiles from The Wash (3), SE Grid 
(2) and the Silver Pit (5) show strong correlations between inorganic As 
and Mn, whereas the profiles from the Silver Pit (1), The Wash (7) and 
the Himiber had negligible correlations (Table 4.13). This suggests that in 
some cores the behaviour of the Mn has an influence on the distribution 
of dissolved inorganic As, whereas in others, Fe may be having a greater 
effect. In addition, the decay of organic matter, as well as changing the 
redox potential of the sediments, may also release As and phosphate into 
the sediment-porewater system (Belzile, 1988). Hines et al. (1984) observed 
summer peaks in porewater Fe in Great Bay sediments which were related to 
the increase in organic matter and bioturbation. Watson et al. (1985) also 
reported increased Mn fluxes from Tamar sediments during the sunmier. 
Porewater inorganic As and phosphate 
Phosphate concentrations were supplied by PML. A l l the profiles had mini-
mum phosphate concentrations in the top 1cm and peak concentrations at at 
depth of 5 to 7cm (Table 4.14). The profiles from July/August 1990, which 
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had generally higher concentrations than May 1990, had better correlations 
between inorganic As and phosphate. This may be due to the 5.5°C increase 
in core temperatures in the autumn which would accelerate microbial activ-
i ty and the release of As and phosphate f rom organic matter (Bekile, 1988). 
This could explain some of the poor correlations between As and M n i f As is 
being added to the sediment-porewater system. Also, by late summer there 
would have been a long period of sediment stability due to calm weather con-
ditions which would enable the porewaters to reach equilibrium. Peterson & 
Carpenter (1986) found no evidence of the release of As due to the degrada* 
tion of organic matter, as the increase in phosphate was not accompanied by 
an increase in As. Phosphate, the chemical analogue of As, is also adsorbed 
onto the surfaces of Fe and M n oxyhydroiides (Crosby el al., 1984), and 
may be released into the porewater in a similar manner to As. Holm et al. 
(1979) observed that phosphate was more strongly absorbed onto anaerobic 
river sediments than was As(V). An autunmal increase in organic matter to 
the sediments, in conjunction wi th higher temperatures, would cause more 
microbial activity and a lowering of the redox potential with the subsequent 
increase porewater Fe and Mn (Watson et al., 1985). Higher sediment tem-
peratures would also increase the seasonal activities of burrowing organisms 
(A. Rowden, personal commimication, photographic evidence at the North 
Resuspension Site) which would raise the sediment porosity and therefore 
the flux of As to the water column (Kersten, 1988). However, this process 
is difficult to quantify. The two profiles f rom The Wash show a decrease in 
redox potential f rom spring to summer (Table 4.11), with an accompanying 
increase in porewater phosphate. However, the other sites show no clear 
seasonal trends, this was similar to the results obtained by Watson et al. 
(1985) in the Tamar Estuary. 
Porewater dissolved M M A and D M A 
In May 1990, M M A was only detected in the porewaters &om the Silver Pit 
(profile 1) and D M A was not detected at all. M M A and D M A were detected 
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Table 4.14: A summary of the porewater phosphate data from the Hum-
ber Plume region and the North Resuspension Site during May 1990 and 
July/August 1990. Data was supplied by PML. 
Porewater Location Dissolved PO^lt^M) Peak Inorg. As 
Surface 
(1cm) 
Maximimi Depth 
(cm) 
V, PO4 
p 
May 1990 (CH65) 
(1) Silver Pit 
(2) SE Grid 
(3) The Wash 
(4) N . Resusp. Site 
1.32 
1.13 
0.50 
0.54 
5.55 
3.43 
7.28 
10.07 
5 
5 
7 
5 
0.2633 
-0.1186 
0.6020 
0.4135 
July/Aug. 1990 (CH69) 
(5) SUver Pit 
(6) Humber 
(7) The Wash 
(8) N . Resusp. Site 
1.91 
2.93 
1.83 
0.31 
4.20 
17.96 
21.05 
25.37 
6 
7 
5 
7 
0.5657 
0.9077 
0.6620 
0.8204 
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Table 4.15: A summary of the M M A and D M A data from the porewater 
profiles. B/D=below detection. 
Dissolved M M A {^gAs/l) Depth of 
Porewater Location Porewater Porewater Water As peak 
Top 1cm Max. column (cm) 
May 1990 (CH65) 
(1) Silver Pit 0.6 71.9 N / D 7 
July/Aug. 1990 (CH69) 
(5) Silver Pit O.U 0.22 0.04 7 
(6) Humber 0.04 0.11 0.06 7 
(7) The Wash 0-13 0.65 0.05 7 
(8) N . Resusp. Site 0.06 0.38 0.06 7 
Dissolved D M A {^gAs/l) Depth of 
Porewater Location Porewater Porewater Water As peak 
Top 1cm Max. column (cm) 
July/Aug. 1990 (CH69) 
(5) SQver Pit 0.16 0.31 0.21 3 
(6) Humber 0.14 0.20 0.14 3 
(7) The Wash 0.20 0.69 0.18 6 
(8) N . Resusp. Site 0.20 0.29 0-22 8 
in all the porewater profiles from July/August 1990. A summary of the data 
is given in Table 4.15. 
I n May 1990 dissolved DMA was not detected in any of the porewater 
profiles and M M A was only detected in the core from Silver Pit (profile 
1). Walton et al. (1986) found a seasonal change in the balance of M M A 
and D M A in porewaters from the Tamar Estuary, wi th M M A exceeding 
the D M A in the winter, and the reverse in summer. The profile from the 
Silver Pit (May 1990) had low surface concentrations of M M A (Q.GfigAa/l), 
but at 7cm there was an unusually high concentration of ll.QfigAs/l after 
which the M M A rapidly decreased (Figure 4.33). The peak inorganic As 
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M M A 
MORG. Aa 
Figure 4.33: Inorganic As and M M A in porewater profiles f rom the Silver 
Pit (profile 1) during May 1990 (CH65). 
concentration {22.3figAs/l) occiu-ed 1cm above the peak M M A . The Silver 
Pit is an area of deposition (Eisma & Irion, 1988) and wil l have a large input 
of biological detritus to the sediments. When this undergoes degradation, 
inorganic As and M M A may be released into the porewater. The peak may 
represent a period of extensive deposition such as the decay of a crashed 
algal bloom. Alternatively, i t could be the dissolution of methylated As 
from the sediments, or in-situ methylation of inorganic As. 
During July/August 1990, M M A and D M A were found in all four pore-
water profiles, which are shown in Figure 4.34. There are some data points 
missing from the profiles due to analytical difficulties. The concentrations 
of As ranged from 0.04 to O.GSfxgAs/l for M M A , and 0.07 to 0.69figAA/l 
for D M A . The concentrations of D M A were higher than M M A in all of the 
profiles except for The Wash (profile 7), where they were of similar con-
centrations. The porewater profile from the mouth o f the Humber Estuary, 
which was the location of the anchor station, had the lowest concentrations 
of M M A and D M A . Walton et al. (1986) observed that in porewaters from 
the Tamar Estuary, methylated As was lower in sediments with high concen-
trations of inorganic As, this behaviour was not apparent in the porewaters 
of the Humber Plume. The Wash, had the highest concentrations of pore-
water inorganic As, M M A and D M A in the July/August 1990 survey. The 
concentrations of inorganic As on the suspended particles in this area were 
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Figure 4.34: Dissolved M M A and D M A porewater profiles from July/August 
1990 (CH69). (5) Silver Pit, (6) Humber, (7) The Wash, (8) North Resus-
pension Site. 
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low compared to the Humber Estuary (Section 3.3.2), and this is a region 
of sediment deposition (Eisma k Ir ion, 1988). The Wash has large inputs 
of nutrients due to the farming practices of East Anglia and so The Wash is 
highly productive. Dense phytoplankton blooms, which were present in May 
1990, may be responsible for the scavenging of dissolved inorganic As from 
the water column when concentrations of phosphate become low (Sanders, 
1979b). Detrital phytoplankton falling to the seabed are a source of in-
organic and organic As to the sediments. However, Reimer (1989) found 
no clear relationship between the organic content of coastal sediments and 
methylated As, suggesting in-situ methylation. The decay processes of this 
organic material wi l l change the redox potential of Che sediment and wil l 
accelerate the reduction of As and its release into the porewater. Some 
porewater samples had higher concentrations of M M A and DMA than in the 
water column above which were 0.05 ± 0.02^^43// and 0.21 ± O.OS^gAs/l, 
respectively. However, the proportion of total As which was methylated in 
the porewater samples was generally lower than in the water column above, 
which during July/August 1990 was 18%. Similar behaviour was found in 
the Tamar Estuary (Howard et al., 1988). 
In most profiles, M M A and D M A were not correlated with phosphate, 
but in the North Resuspension Site (July/August 1990) M M A and phos-
phate had a significant correlation ( r = 0.89). Reimer (1989) found a nega-
tive correlation between dissolved phosphate and dissolved methylated As. 
Andreae (1979) found no methylated As species in the interstitial waters of 
marine sediments from the NE Pacific and California. However, Ebdon et 
al. (1987) found M M A and D M A in the porewaters of the Tamar Estuary 
which constituted 1 to 4% of the total dissolved As and was attributed to 
in-situ methylation. The quantity of methylated As found in the porewaters 
off the British Columbia coast ranged f rom 0.1 to 1% of the total dissolved 
As (Reimer, 1989). There has been dispute over whether the presence of 
methylated As in porewaters Is due to in-situ methylation or due to its re-
lease when organic matter decays. Reimer (1989) showed that there was 
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no relationship between the quantity of organic matter in the sediments, 
the total As content, and the concentration of methylated As, which sup-
ports the proposal for in-situ methylation. Also, Reimer (1989) suggests 
that demethylation and methylation processes are occurring simultaneously 
in the sediments under aerobic and cinaerobic conditions and the balance 
between them may be temperature controlled. Holm et al. (1980) showed 
the conversion of M M A and DMA to inorganic As in anaerobic riverine 
sediments spiked with M M A and D M A . 
4,2.5 T h e fluxes o f p o r e w a t e r a r sen ic . 
The maximum vertical diffusive flux, J (^gAs/m'^/yr)^ for As in porewaters 
can be calculated from Fick's first law, 
/ = (PD,(dC/dz) (4.2) 
where tj> is the sediment porosity and £), is the diffision coefficient of As in 
porewater. The dissolved As gradient [dC/dz) is calculated from the differ-
ence in the maxiraimi dissolved As f rom the As concentration in the water 
column above, divided by the depth of the As peak (Peterson & Carpenter, 
1986; Belzile 1988). However, there are several assumptions made in this 
calculation: (1) The As gradient is assumed to be linear. (2) There are no 
interactions wi th the solid phase. (3) Viscosity and charge coupling effects 
are minimal. (4) As(II I ) , As(V), M M A and D M A diffuse at the same rate. 
(5) The concentration of inorganic As in the water colurrm above ( I 2 m below 
the surface) is the same as that at the sediment-water interface. The diffu-
sion coefficient (Dg) needs to be corrected for temperature and the porosity 
of the sediment. L i Gregory (1974) give the free solution diffusion coeffi-
cient (Z?)of As(V) at 25*'C to be 9.05 x IQ-^cmVi and that D25/D0 = 2.19. 
Assuming linear behaviour, D can be estimated for different sediment tem-
peratures. UUman k AUer (1982) report that the coefficient of diffusion is 
dependent on the porosity, and for muddy sediments the relationship is as 
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foUows, D, = iP^D. 
The measured sediment porosities were supplied by PML and the cal-
culated maximum fluxes of inorganic As are given in Table 4,16. In most 
profiles the concentration gradient is not linear because the dissolved As is 
removed by precipitation in the oxic layer, this would cause an overestimate 
of the flux. Conversely, sediment porosity may be significantly increased by 
the activities of burrowing organisms which would increase the fluxes (Wat-
son et al., 1985; Kersten, 1988). The porosities of the cohesive sediments 
in the Humber Plume were low (0.37 to 0.80) compared to the sediments 
of the Laurentian Trough (Belzile, 1988), Puget Sound, Lake Washington, 
Washington Coast and Saanich Inlet (Peterson k. Carpenter, 1986) which 
ranged from 0.70 to 0.95. The fluxes of inorganic As from the sediments 
to the water colunm ranged from 190 to 2Z50figAs/m^/yr, wi th the sed-
iments from the SB Grid and the Himiber having the maximum fluxes. 
Peterson k Carpenter (1986) quote As fluxes f rom sediments of 3700 to 
2'\000figAs/m^/t/r, but these sediments had porewater maxima which were 
10 to 60 times greater than the overlying waters. Belzile (1988) quotes lower 
values of 500 to 24QQ^gAs/m^/yr in the sediments of the unpolluted Lau-
rentian Trough, whilst in other areas As diffuses from the water column to 
the sediments (Andreae, 1979) 
The fluxes of M M A and D M A from the sediments are given in Table 4.17. 
The sediments from July/August 1990 have similar fluxes of M M A and 
D M A , wi th mean values of 9 ± 5 and 9 ± SugAs/m^/yr^ respectively. The 
Wash had the highest fluxes of both M M A and D M A . 
The significance of these fluxes can be estimated by calculating the con-
centration change that the input from the sediments would cause on the 
water column above. For a Im^ area in the Humber mouth there woiild be 
an input of 2349/i9/2/r into an approximate volume of 20m^, resulting in a 
concentration of 0.\2^gA3/L This contribution is only 9% of the water col-
umn concentration (XAdfigAs/l). This is the maximum contribution that 
the undisturbed porewaters wi l l have on the water colimm as other sites 
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Table 4.16: The data required for the flux calculations for the dissolved 
inorganic As in the porewater profiles f rom the Humber Estuary and the 
North Resuspension Site. 
Porewater 
Profile 
D 
{m'/yr) 
xlO-^' 
Ds 
x lO"^ 
dz 
(m) 
dAs 
{^gAs/m^) 
xlO^ 
0.40 19.8 3.2 0.06 21.1 
0.80 20.4 13.1 0.06 12.7 
0.37 20.4 2.8 0.05 9.1 
Site 0.43 19.2 3.6 0.06 9.6 
0.44 23.2 4.5 0.08 11-4 
0.60 24.1 8.7 0.06 27.0 
0.43 23.9 4.4 0.07 28-5 
Site 0.45 22.3 4.5 0.03 14-5 
{figAa/m^/yr) 
(1) Silver Pit 
(2) SE Grid 
(3) The Wash 
(5) Silver Pit 
(6) Humber 
(7) The Wash 
(8) N . Resusp. 
450 
2218 
189 
248 
282 
2349 
770 
979 
had lower fluxes and in some cases a far deeper water column (Silver Pi t ) . 
The fluxes of M M A and DMA are two orders of magnitude lower than the 
inorganic As fluxes, so they also have a limited impact on the water column 
concentration-
In May 1990, sediment resuspension was observed at SE Grid (CTD 
3025) and near to The Wash (CTD 3037). Water samples were taken at the 
bottom of the water column and at the surface, and in both sites elevated 
inorganic As concentrations were found in the bottom samples. However, the 
DMA concentrations showed no significant changes (Table 4.18). Clearly, 
resuspension events, caused by bioturbation or tidal stressing, can release 
As into the water column. The shallow nature of the southern North Sea 
would cause the resuspension of sediments over considerable areas imder 
storm conditions which may release a significant quantity of dissolved As 
from the sediments. 
159 
Table 4.17: The data required for the flux calcidations of the dissolved M M A 
and DMA in the porewater profiles from the Humber Estuary and the North 
Resuspension Site. 
Porewater M M A 
Porewater 0 D Ds dz dAs J 
Profile (mVyr) (mVyr) (m) itigAa/m^) (figAs/m'^/yr) 
xlO-=^ x l O " ^ xlO^ 
(5) Silver Pit 0.44 23.2 4.5 0.07 0.18 5 
(6) Humber 0.60 24.1 8.7 0.07 0.05 4 
(7) The Wash 0.43 23.9 4.4 0.07 0.60 16 
(8) N. Resusp. Site 0.45 22.3 4.5 0.07 0.32 9 
Porewater D M A 
Porewater D Ds dz dAs J 
Profile (m) {figA3/m^) {^gAs/m'^/yr) 
x l O - ^ xLO-^ xlO^ 
(5) Silver Pit 0.44 23.2 4.5 0.03 0.10 7 
(6) Humber 0.60 24.1 8.7 0.03 0.06 10 
(7) The Wash 0.43 23.9 4.4 0.06 0.52 16 
(8) N . Resusp. Site 0.45 22.3 4.5 0.08 0.07 2 
Table 4.18: Dissolved inorganic As and DMA in top and bot tom water 
samples from sites where sediment resuspension was observed in the Humber 
Plume, May 1990 (CH65). 
Top Sample Bottom Sample 
Site Inorg. As 
ifigAs/l) 
D M A 
itigAs/l) 
Inorg. As 
ifxgAs/l) 
D M A 
{figA3/l) 
CTD 3025 1.04 0.06 1.17 0.06 
CTD 3037 1.15 0.06 1.24 0.05 
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4,3 Results and discussion from the Thames Plume 
The numerical details of the analyses carried out in this study are given in 
the appendices. 
4 .3 .1 D i s s o l v e d i n o r g a n i c arsenic i n t h e w a t e r c o l u m n . 
Anchor s ta t ion 
One anchor station was carried out in the Thames Estuary, near Gravesend 
on the la"" February 1989 (CH46), the location is shown in Figure 4.9. 
Filtered water samples were collected at hourly intervals for a tidal cycle and 
analysed for dissolved inorganic As, M M A and D M A . Ordy inorganic As was 
detected, with a mean concentration of 7.3±0.4/iy .43//, over a salinity range 
of 19.28 to 2o.7Spsu (Figure 4.35 and Table 4.19). As with the Humber 
Plume, methylated As was not detected in the winter months which was 
probably due to the low water temperature. Howard et al. (1982) quote 
12^C as the threshold temperature at which methylated species appear, 
despite the presence of phytoplankton at lower temperatures. The inorganic 
As had a weak, positive correlation with salinity ( r = 0.49), uxdike the mouth 
of the Humber, where there was a strong relationship. During sampling the 
discharge of the Thames was only 15.1 ± 0.9m^/3, producing a diffuse, i l l -
defined plume resulting in a well-mixed water column. This may explain the 
poor inorganic As-salinity relationship. In addition to this, As may be added 
to the estuary-plume system by offshore sources such as sludge dumping. 
Thames Plume 
Filtered water samples were collected in the Thames Plume in February 1989 
(CH46) and July/August 1990 (CH69). Dissolved inorganic As was detected 
in all the samples and the results are shown in Figure 4.36 and Figure 4.37, 
respectively. The mean inorganic As concentration during February 1989 
was 3.28 i OMfigAs/l, and in July/August 1990 i t was lower at 2.12 i 
l.05tigA3/l (Table 4.19). 
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Figure 4.35: Dissolved inorganic As at an anchor station in the Thames 
Estuary, near Gravesend, on IZ^^ February 1989 (CH46). 
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Table 4.19: A summary of the dissolved As data f rom the Thames Estuary 
during February 1989 (CH46) and July/August 1990 (CH69). B/D=below 
detection; N / A = not available, (a) represents the period 12*'* to 16"* Febru-
ary 1989 and (b) 17"* to 26"*. 
Parameter 
13"* Feb. 1989 
(CH46) 
Anchor station 
February 1989 
{CH46) 
Plume 
July/August 1990 
(CH69) 
Plume 
No. of samples 13 33 11 
Inorg. As [figAs/1) 7.3 ± 0 . 4 3.28 ±0 -90 2.12 ± 1.05 
M M A i^gAs/l) B / D B / D 0.07 ± 0 . 0 3 
DMA ingAs/l) B / D B / D 0.25 ± 0 . 2 3 
Temp. ("C) 7.98 ± 0 . 3 2 7.07 ± 0 . 5 8 18.57 ± 1.03 
Salinity {psu) 21.57 ± 2.10 33.56 ± 2 . 0 8 33.01 ± 3 - 1 7 
River Flow (m^/s) 15.1 ± 0 . 9 (a) 15.1 ± 0 . 9 
(b) 112.6 ± 8 2 . 4 
N / A 
Phosphate {^M) N / A N / A 5.50 ± 7 . 3 0 
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Figure 4.37: Dissolved inorganic As in the Thames Plume, July/August 
1990 (CH69). The NSP sample identification numbers are given in Section 
4.1.5. 
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During February 1989, the least saline sample {25.9p5u) had an inor-
ganic As concentration of '^A^gAs/l whilst further down the estuary it fell 
to 2A^gAs/g then increased to '\.S^gAs/l at a salinity of 33.1p5u. This 
behaviour may be the result of the removal of As from the water column by 
suspended particles, or mid estuarine inputs. Throughout the plume area 
(Figure 4.36) there were isolated, high inorganic As concentrations, such as 
o.S^gAs/l in the Barrow Deep region. This may be related to the sewage 
sludge dumping which is carried out in the Barrow Deep, Roughs (which 
is north of Barrow Deep) and at South Falls which is adjacent to Margate 
(Parker 1988). In addition to this, the lack of structure in the As concentra-
tions may be due to the long sampling time in the plimie (12 days). Initially, 
the freshwater flow from the 12"^ to 16*'' February was 15.1 ± 0 .9m^/ j , and 
from 17"^ to 26*'' it was approximately 7 times greater, at 112.6 i 82.4m^/j 
(data from NSP). This could have considerably changed the concentration 
of dissolved As in the nearshore zone. Similar behaviour of inorganic As 
was found in the Tamar Estuary and was attributed to high turbidity, poor 
mixing and mid-estuarine inputs (Howard et al., 1988). There was also little 
correlation between phosphate, anrunonium and nitrite with salinity in the 
Thames (Morris, 1990b). 
In July/August 1990 (Figure 4.37), there was a distinct concentration 
gradient of dissolved inorganic As away from the mouth of the estuary. 
The maximum concentration (4.31/^^/15//) was in the least saline sam-
ple (25.03pju) then there was a steady decrease to a minimimi value of 
l.2l^gA3/l which was east of the East Anglia coast. This indicates that the 
estuary is acting as a source of dissolved inorganic As to the coastal plume. 
Dissolved phosphate had a maximum concentration at the mouth of the es-
tuary (2 l .28 / iM) and decreased out in the plume. Dissolved inorganic As 
and phosphate both had similar distributions and were very well correlated 
(r = 0.99) unlike the Humber Plume where they were not. 
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4.3.2 D i s s o l v e d M M A a n d D M A i n t h e w a t e r c o l u m n . 
Water samples collected from the Thames Plume during February 1989 
(CH46) and July/August 1990 (CH69), were analysed for M M A and D M A , 
but were only found in the later cruise. The results for M M A and D M A 
are shown in Figure 4.38 and Figure 4.39, respectively. At the time of writ-
ing this thesis there were no data available on phosphate and chlorophyll a 
concentrations in the Thames Plume. 
The mean M M A concentration during July/August 1990 was 0.07 ± 
Om^gAs/l and the DMA was higher at Q.2S±0.2ZfLgAs/l (Table 4.19). The 
highest value of D M A {QM fig As/I), and also the lowest inorganic As value, 
was f rom an area near Margate (P301) which is in the vicinity of a sewage 
dumpsite which may have caused enhanced methylation (Parker, 1988). In 
this sample, DMA was 38% of the total As which was significantly higher 
than the mean which was 10%. M M A and D M A were not detectable in 
some of the samples from the mouth of the estuary, probably as the result 
of the absence of marine phytoplankton because of low salinity, pollution 
and a turbid water column. Howard et al. (1988) reported that M M A and 
D M A were absent f rom the low salinity region of the Tamar Estuary and 
that maximimi concentrations were detected in the estuary mouth. Like the 
Humber Estuary, the Thames Estuary is not supplying methylated As to 
the North Sea. 
4.3.3 Suspended pa r t i c l e s 
Suspended particles were collected in the Thames Estuary and Plume in 
February 1989 (CH46) and July/August 1990 (CH69). The samples were 
extracted with IM HCl and analysed for inorganic As and Fe. The sample 
locations and the results are shown in Figure 4.40 
In February 1989, the suspended particles were collected over a salinity 
range of 4.65 to 34.17p3u, and had mean concentrations of 6.7 ± 2.9figA3/g 
and 15.1 i 9.9TngFe/g. There was a weak relationship between particulate 
inorganic As and salinity ( r = -0.60), with a slight reduction in inorganic 
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Figure 4.38: Dissolved M M A in the Thames Plume, July/August 1990 
(CH69). The NSP sample identification numbers are given in Section 4.1.5. 
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Figure 4.39: Dissolved DMA in the Thames Plume, July/August 1990 
(CH69). The NSP sample identification numbers are given in Section 4.1.5. 
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Figure 4.40: The NSP sampUng sites and the concentrations of inorganic 
As on the suspended particles, from the Thames Plume, February 1989 
(CH46) and July/August 1990 (CH69). Values of (xlO^ml/g) are given 
in brackets. 
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Figuxe 4.41: The distribution of particulate inorganic As with respect to 
salinity from the Thames Estuary and Plume, February 1989 (CH46). 
As with distance from the estuary (Figure 4.41). As discussed previously 
there was a significant increase in the freshwater discharge during sampling 
which could have caused the resuspension of more bed sediments than earlier 
in the survey. Also this variability may have been caused by mid-estuarine 
effluents and diumping in the plume area. 
Four suspended particle samples were collected in July/August 1990. 
The lowest concentration of inorganic As {2.7 fig As/g) was f rom the most 
estuarine sample, and the highest [Z4AfigAs/g) f rom an area NE of Mar-
gate where dumping takes place (Parker, 1988). The Fe concentration in 
this sample (9.6mgFe/g) was less than the average concentration showing 
a relative enrichment of inorganic As. Excluding this high value sample, 
the mean inorganic As concentration was 4.4 ± O.QfigAs/g and the Fe was 
12.0 ± I.ZmgFelg. Values of Kd for inorganic As were calculated for the 
data f rom July/August 1990 (Section 4.2.3), and ranged from 0.9 x 10^ to 
28.4 X iO^ml/g wi th the lowest value in the estuary and the highest from 
the vicinity of a dumpsite off the coast from Margate (Figure 4.40). The low 
estuarine K^i suggests that the suspended particles are removing dissolved 
inorganic As as they move into' the plume. 
Figure 4.42 shows the relationship between inorganic As and Fe. Par-
ticulate inorganic As and Fe from February 1989 were strongly correlated 
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Figure 4.42: Inorganic As against Fe for the suspended particles f rom the 
Thames Estuary and Plume, in February 1989 (CH46) and July/August 
1990 (CH69). The regression line for all the suspended particles f rom the 
Humber Estuary is included for comparison. 
(p = 0.84), as summarised in (Table 4.20). There \yere insufficient samples 
from July/August 1990 to correlate the data, particularly with the sample 
from the dimipsite off Margate showing extreme enrichment in inorganic As 
with Respect to Fe (Figure 4.42). The suspended particles f rom the Humber 
Estuary and Plume in May 1988, May 1990 and July/August 1990 were 
more enriched in inorganic As with respect to Fe. 
4 .3 .4 A r s e n i c i n s ed imen t s a n d p o r e w a t e r s . 
In February 1989 (CH46) a sediment core and a porewater profile were taken 
from the same box-core sample from Oaze Deep, and a porewater profile was 
taken from Barrow Deep. The sample locations are shown in Section 4.1.5. 
Sediment P ro f i l e 
The I7cm deep, sediment profile was sectioned at 1cm intervals and the 
samples were extracted with IM HCl and analysed for inorganic As, Fe, M n 
and Ca. The < 63/im fraction of each sample was determined by sieving 
subsamples. There was a large grain-size variation in the core, wi th two, 
distinct fine-grained, black bands at depths of 6 and lOcm. The inorganic 
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Table 4.20: A summary of the suspended particle data f rom the Thames 
Estuary and Plume, during February 1989 (CH46) and July/August 1990 
(CH69). N / A = n o t available. 
Parameter 
Suspended Particles 
February 1989 
CH46 
July/August 1990 
CH69 
No. of samples 13 3 
Inorg. As [figAs/g) 6.7 ± 2.9 4.6 ± 0 . 9 
Fe {mgFe/g) 15.1 ± 9 . 9 12.0 ± 2 . 3 
Inorg. As v, Fe T = 0.84 -
Salinity (psu) 25.69 ± 8.4 31.11 ± 5 . 2 9 
AsrFe x lO"^ 0.22 to 1.08 0.25 to 3.58 
A'd X lO^ml/g N / A 0.9 to 28.4 
Regression Eqn. Fe = 290bInorg.As - 4242 
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As, Fe and Mn data were normalised with respect to the < 63/i7n fraction 
in order to remove grain-size effects, as trace metals are assumed to be 
associated with this fraction (Ackroyd et al., 1987). The results are shown 
in Figure 4.43. 
The mean, normalised concentrations of inorganic As, Fe and Mn were 
6.74 ± 4A4figAs/g, 26.28 ± l3.27mgFe/g and 0.96 ± OASmgMn/g, respec-
tively. The mean Ca concentration was 50.1 ± bATngCa/g^ wi th two slight 
peaks at 2 and 6cm (Table 4.21). The correlation between Fe and M n was 
very strong (r = 0.97), suggesting that their behaviour is closely linked. In-
organic As and Fe were well correlated (r = 0.73), but there was a stronger 
relationship between inorganic As and M n (r = 0.83), indicating that Fe 
and M n have a significant effect on the behaviour of inorganic As (Belzile 
& Tessier, 1990). The fme-grained, black bands at 6 and 10cm, which were 
probably rich in sulphides, showed a reduction in the concentrations of in-
organic As, Fe and Mn which is indicative of a lower redox potentials. This 
would cause the reduction of Fe and M n oxyhydroxides, and their subsequent 
release into the porewater (Belzile & Tessier, 1990; Moore et al., 1988). Since 
the inorganic As is strongly associated wi th these elements i t wi l l also be 
released into the porewater. Similar behaviour in a core from the Humber 
Estuary, was discussed in detail in Section 3.3.4. 
Po rewa te r prof i les 
Inorganic As was detected in the two porewater profiles from Oaze Deep 
and Barrow Deep (February 1989) and the results are shown in Figure 4.44. 
Both profiles had minimum concentrations of dissolved inorganic As near 
the surface wi th and peak concentrations were observed in the Oaze Deep 
{l0.9figA3/l) at 4cm depth and the Barrow Deep {\S.OfigAs/l) at 3cm depth 
(Table 4.22). Minor peaks also occurred lower in the cores. The mean 
inorganic As concentration f rom the Oaze Deep was 6A±4.0^gAs/l and for 
the Barrow Deep profile i t was higher at 11.1 ± 4.SfigAs/L 
The redox potentials of the cores, which were provided by PML, showed 
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Depth 
(cm) 
T 
Figure 4.43: Data from a sediment core f rom the Oaze Deep region of the 
Thames Plume in February 1989 (CH46). The inorganic As, Fe and Mn 
data are normalised wi th respect to the < 63^im grain-size fraction. 
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Table 4.21: A summary of the data from a core f rom the Oaze Deep region of 
the Thames Estuary, February 1989 (CH46). The inorganic As, Fe and Mn 
data have been normalised with respect to the < 63/im sediment fraction. 
j Parameter Oaze Deep 
Core Profile 
j Inorg. As {figAs/g) 6.74 ± 4 . 4 4 
Fe {mgFe/g) 26.28 ± 13.27 
Mn (mgMn/g) 0.96 + 0.48 
Ca {mgCa/g) 50.1 ± 5.4 
Inorg. As v, Fe r = 0.8310 
Inorg. As Mn r = 0.8310 
Mn V , Fe r = 0.9659 
INORGANIC As - IpgAs/ l I 
0 
3k 
D€PTH 
cm * 
6 
8 
10 
10 20 30 
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20 30 
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Figure 4.44: The dissolved inorganic As porewater profiles f rom Oaze Deep 
and Barrow Deep in the Thames Plume, February 1989 (CH46). 
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that the Oaze Deep core was more reducing than the Barrow Deep core 
(Table 4.22). However, the depth at which the Eh was below 200mV, this 
indicating the onset of Fe reduction, was 3cm in Oaze Deep and only l - 2 c m 
in Barrow Deep. This reduction and dissolution of Fe(III) wi l l also cause the 
simultaneous release of inorganic As bound to the Fe oxyhydroxides. When 
the redox potentials are below -hoOmV, the sediment becomes strongly re-
ducing and sulphate reduction may take place (Watson et al. 1985). This 
wil l cause the Fe(II) in the porewaters to precipitate as sulphides and the 
inorganic As wil l behave similewly. The Oaze Deep core became strongly 
reducing at approximately 7cm, and at 8cm there was an inorganic As peak 
(l0.7fsgAs/g). The Barrow Deep core was strongly reducing below 7.ocm, 
but after an ini t ial decrease in inorganic As to ll.SfigAs/g at 9cm, the 
concentration increased to l6.9figA3/g at 10cm. Except for the core from 
the Silver Pit (May 1990), the Thames cores were more reducing than the 
Humber cores, and the reduction of Fe was occurring at shallower depths in 
the Thames area. 
Dissolved Fe and M n data were supplied by PML. Both metsds had 
minimum surface concentrations wi th the Mn peaks occurring above the Fe 
peaks in both profiles (Table 4.22). Inorganic As was well correlated with 
Fe and M n in both profiles, unlike some in the Humber which had negligible 
correlations. This suggests that the redox chemistry of Fe and M n is the 
major influence on the behaviour of As in the Thames sediments. 
Dissolved phosphate had a strong correlation with Fe ( r = 0.90) in Oaze 
Deep, but had a poor correlation wi th M n (r = 0.50). I n the Barrow Deep 
profile, phosphate was poorly correlated with both Fe and M n . Phosphate 
and A ( V ) are chemical analogues and there was a stronger relationship be-
tween them in Barrow Deep than in Oaze Deep. This may be a result of the 
large input of phosphate to the sediments via sewage sludge dumping. The 
breakdown of organic matter would release phosphate and As compounds 
into the porewaters. A summary of statistical data is given in Table 4.23. 
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Table 4.22: A summary of the porewater data from cores f rom the Thames 
Plume region, February 1989. 
Quantity Oaze Deep Barrow Deep 
Eh 
[mV) 
Top 1cm 
Bottom 
Depth of 200ml^ 
251 
-61 
3cm 
327 
-32 
1 - 2cm 
Inorg. As 
(^gAs/l) 
Top 1cm 
Max. 
Water Column 
1.3 
16.9 at 10cm 
3.7 
0.4 
15.0 at 3cm 
3.1 
Fe 
ingFe/l) 
Top 1cm 
Max. 
63 
2994 at 9cm 
46 
5062 at 7cm 
Mn 
{txgMn/l) 
Top 1cm 
Max. 
6 
533 at 6cm 
21 
207 at 5cm 
Silicate 
( / iAf) 
Top 1cm 
Max. 
12.84 
31.31 at 8cm 
9.60 
40.22 at 10cm 
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Table 4.23: Statistical data f rom the porewaters of sediments f rom the 
Thames Plume, February 1989. 
Porewater Oaze Deep 
r 
Barrow Deep 
r 
Inorg. As v. Fe 0-7590 0.8292 
Inorg. As Mn 0.8791 0.8173 
Inorg. As v. PO4 0.6671 0.6413 
Fe Vs P O 4 0.8971 - 0.4420 
Mn V, PO4 0-5009 0.5671 
4.3.5 T h e f l u x e s o f p o r e w a t e r a r sen ic . 
Inorganic As porewater fuxes were calculated for the porewater profiles 
(Section 4.2.5) and the results are given in Table 4.24. The fluxes of in-
organic As from the sediments of Oaze Deep and Barrow Deep were 122 and 
%2iig As I I yr ^ respectively. The porosity of the sediments, which were 
less than the average porosity o f the Humber sediments, produced very low 
fluxes. Calculating the impact of these fluxes for a unit area of undisturbed 
sediment, in a water depth of approximately 20m, resulted in a contribution 
of 4 to SngAs/l f rom the Barrow and Oaze Deeps, respectively. This was less 
than 1% of the water column concentration, which is an insignificant input. 
The flux of As from the sediments would be increased by bioturbation and 
resuspension, causing an unquantified release of As to the water column -
4.4 Summary 
High concentrations of dissolved inorganic As were detected in the Humber 
Estuary, which decreased with distance f rom the effluent source. Minimum 
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Table 4.24: The data required for the flux calculations for the dissolved 
inorganic As in the porewater profiles f rom the Oaze Deep and the Barrow 
Deep, Thames Plume, February 1989. 
Porewater 
Profile 
Temp 
(°C) 
4> D 
( m V y r ) 
x lO-3 
{m'/yr) 
xlO-3 
dz 
(m) 
dAs 
(^gA3/Tn^) 
xlO^ 
J 
(figA3/Tn}/yr) 
(1) Oaze Deep 
(2) Barrow Deep 
6.5 
5.8 
0.34 
0.33 
17.1 
16.6 
2.0 
1.8 
0.04 
0.10 
7.2 
13.8 
122 
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concentrations were found in the mouth of the estuary and coincided wi th 
increases in particulate As and Fe. Values of demonstrated that inor-
ganic As was being removed f rom the water column and onto the suspended 
particles. This behaviour is believed to be associated with an Fe-rich ef-
fluent in this area of the estuary. The dissolved inorganic As in the plume 
appeared to be well-mixed without a concentration gradient away f rom the 
Humber Estuary. However, particulate As showed a strong trend, wi th max-
imum values in the vicinity of the Humber and minimum values towards The 
Wash, confirming the transport of As from the estuary. 
M M A and DMA were only detected in the Humber Plume from spring to 
autumn, with maximum values in the summer and autumn. On sdl occasions 
D M A was in excess of M M A . Dissolved inorganic As showed the opposite 
trend wi th maximum values in the winter and minimum values in the au-
tumn. Dissolved phosphate also had maximum concentrations in the winter, 
however, it was not correlated with dissolved inorganic As. The presence of 
methylated As was not correlated with phytoplankton abimdance, suggest-
ing that the methylation processes are species specific, or that the release 
of M M A and DMA occurs when the phtoplankton are decaying. Incubation 
of a developing phytoplankton bloom over 6 days, showed the removal of 
inorganic As without the subsequent release of M M A or D M A . 
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An anchor station in the mouth of the Thames showed a similaj , but 
weaker, positive correlation between inorganic As and salinity than the Num-
ber. The plume had isolated patches high in inorganic As concentrations 
which may have been associated with sewage dumping. However, during the 
summer, dissolved inorganic As was at a majcimum in the estuary mouth 
and had a distinct concentration gradient away from the estuary indicating 
its input to the plume. Dissolved phosphate was similarly distributed and 
was well correlated with the dissolved inorganic As. 
M M A and DMA were detected in the summer months in the Thames 
Plume and had comparable concentrations to the Humber Plume. M M A and 
D M A were not detectable in some of the more estuarine samples, suggesting 
that the estuary is not a source of methylated As to the North Sea. On one 
occasion a high concentration of D M A was found in the coast near Margate, 
which is in the vicinity of a dumpsite. 
The particulate As of the Thames Plume was generally lower than in 
the Humber Plume, and the suspended particles had less of a concentration 
gradient away from the estuary. Values of Kd were higher in the plume than 
in the estuary, indicating that the removed of inorganic As was occtirring in 
the plume area. A maximum was found in the vicinity of the dumpsite 
near Margate. 
Porewaters from the Himiber Plume and the Thames Plume had con-
centrations of inorganic As which were higher than the water column above. 
Fluxes of As from the sediments were calculated, but as a result of the 
low porosity of the sediments, they were very low, ranging from 80 to 
2350^^ i4 j /m ' /y r . At most, this only contributed 9% to the inorganic As in 
the water colunm. However, resuspension events showed that at the bot tom 
of the water column concentrations of inorganic As were higher than the 
surface water. This implies that storm events in the North Sea may have a 
signiiicant impact on the release of As from the sediments. In porewaters 
collected from the Humber Plume in late spring, inorganic As was poorly 
correlated with Mn and phosphate, but by late summer the correlations 
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were much more significant. Increased core temperatures in the summer 
would raise microbial activity which would release more As and phosphate 
from decaying organic matter. Only M M A was detected in one sample from 
the spring but later in the season M M A and D M A were detected in ail the 
porewaters. Fluxes calculated for the methylated As species showed that its 
diffusion out of the sediments had an even smaller impact ( < 1%) on the 
concentrations in the water colimm than inorganic As. 
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Chapter 5 
Arsenic in the North Sea 
5.1 Survey techniques 
5.1.1 S u r v e y areas and cru ise t r a c k s 
There were two cruises in the southern North Sea, on board RRS Chal-
lenger. The Bloom cruise in Apr i l 1989 (CH50) concentrated on two areas, 
one north-east of the Humber (North Site), and the other to the east of 
East Anglia (South Site) (Figure 5.1). Samples were also collected during 
a Survey cruise in September/October 1989 (CH61). This was the more 
extensive cniise and covered all the major estuarine plumes of the southern 
North Sea (Figure 5.2). Data f rom the Humber Plume, which was collected 
during this cruise, was reported in Chapter 4. A sumiinary of the details 
f rom the two cruises is given in Table 5.1, and the locations of the water 
samples and their NSP identification numbers are shown in Figure 5.3 and 
Figure 5.4, respectively. 
5.1,2 W a t e r S a m p l i n g 
Water samples were collected using the continuously pumping system and 
the CTD rosette, as described in Sections 4.1.2 and 4.1.3.. The seawater 
was then filtered and stored as previously described. 
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Figure 5.1: The cruise track for the Bloom cruise, Apr i l 1989 (CH50). The 
shaded areas represent regions which were sampled extensively, ie. the North 
Site and the South Site, respectively. 
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I 
Figure 5.2: The cruise track for the Survey cruise, September/October 1989 
(CH61). 
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Figure 5.3: The NSP sample i3entification numbers for the Bloom cruise, 
Apr i l 1989 (CH50). The numbers prefixed by P are for samples that were 
collected by the pump system, the other numbers represent the CTD sta-
tions. 
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Table 5.1: A summary of the details from two cruises in the the southern 
North Sea, Apri l 1989 (CH50) and Sept./Oct. 1989 (CH61) . 
Date Location Samples Analysis 
13-24 April '89 
(CH50) 
21 Sept - 3 Oct '89 
(CH61) 
Bloom Cruise: 
2 areas, 
(i) North Site 
(i i) South Site 
Survey Cruise: 
Estuarine plumes of 
southern North Sea 
-Water samples 
-Master variables 
-Water samples 
-Master variables 
Dissolved As 
Dissolved As 
5,2 Results and discussion from the North Sea 
The numerical details of the analyses f rom this study are included in the 
appendices. 
5.2.1 Dissolved inorganic arsenic in the water column. 
Filtered water samples were collected from the North Sea in Apr i l 1989 
(CH50), and Sept./Oct. 1989 (CH61). Inorganic As was detected in aU the 
samples, but M M A and D M A were only detected in Sept./Oct. 1989. The 
inorganic As results are shown in Figure 5.5 and Figure 5.6. The results 
from the two cruises are summarised in Table 5.2 
In Apr i l 1989 the mean inorganic As concentration was Q.90±0.0S^gAs/l 
with very little spatial variation. This was a result of sampling on two sites, 
both of which were distant from any estuarine plimies. The south site had 
slightly higher concentrations of phosphate and chlorophyll a, in addition to 
higher water temperatures (Table 5.4). Data on the identification of phyto-
plankton species were supplied by the University of Wales (Table 5.3). The 
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Figure 5.5: Dissolved inorganic As in the southern North Sea, Apr i l 1989 
(CH50). The NSP sample identification numbers are given in Section 5.1.1.. 
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Figure 5.6: Dissolved inorganic As in the southern North Sea, Sept./Oct. 
1989 (CH61). The NSP sample identification numbers are given in Section 
5.1.1.. 
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Table 5.2: A summary of the data f rom the southern North Sea, Apr i l 1989. 
B/D=below detection. 
Parameter Apr i l 1989 
CH50 
Sept./Oct. 1989 
CH61 
No. of samples 28 40 
Inorg. As {figAa/l) 0.90 X 0.08 1 .11±0 .18 
M M A ingAs/l) B / D 0.11 ± 0 . 0 4 
D M A ifigAs/l) B / D 0.26 ± 0.15 
Salinity {psu) 34.63 ± 0 . 7 7 34.10 ± 0 , 7 2 
Temp. ("C) 7.80 ± 0.80 16.17 ± 1.67 
Phosphate ( / i M ) 0.35 ± 0 . 1 9 0.62 ± 0.77 
Chlorophyll a (fig/l) 4.0 ± 4 . 3 
1.0 to 15.3 
2.4 ± 3.8 
0.3 to 23.8 
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Table 5.3: Cell counts of major phytoplankton groups at the south site, 
March to June 1989. Data suppUed by David Mills, University of Wales. 
Date Dino-
flagellates 
Diatoms Flagellates Cyano-
phyceae 
Phaeo-
cystis 
Total 
Cell no. 
{cells/ml) 
29/3/89 0.1 15 42 0 0 57 
28/4/89 115 5 148 1894 7536 9698 
26/5/89 59 10 740 2286 23793 26890 
24/6/89 413 69 988 2422 0 3893 
survey was carried out prior to a Phaeocystis bloom at the south site (data 
were not available from the north site). In late March Phaeocystis were not 
detected and the total phytoplankton cell count was low wi th Slcells/ml. 
A month later, and after the survey, the cell count had increased to ap-
proximately 9700ceUs/mly 78% of which were Phaeocystis. The bloom 
developed further unti l the end of May when the cell count reached nearly 
27000cc//j/m/, and Phaeocystis was still the dominant species (89%). By 
the end of June the cell count had reduced (3900ce//6/m/) and Phaeocystis 
was no longer detected. Since M M A and D M A are eliminated from phyto-
plankton cells, there wi l l be a delay between the increase in cell numbers and 
the detection of methylated As species. The absence of M M A and D M A may 
also be the result of low water temperatures. Howard et al. (1982) d id not 
detect methylated As in the Beaulieu Estuary unti l the water temperature 
reached 12^C, although phytoplankton were present at lower temperatures. 
Since the inorganic As concentrations in the two sites were similar, this sug-
gests that there was sufficient phosphate to support the bloom in the south 
site without the the removal of significant quantities of As(V). As the bloom 
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Table 5.4: A summary of the data from the north and south sampling sites 
from the North Sea, April 1989 (CH50). 
Area Inorg. As 
(figAs/l) 
Temp. Phosphate Chi a 
North Site 
South Site 
0.95 ± 0.05 
0.93 ± 0.08 
7.07 ± 0 . 1 2 
8.68 ± 0 . 1 0 
0.48 ± 0 . 1 3 
0 . 1 6 ± 0 . 1 1 
1.9 ± 0 . 3 
7.8 ± 5 . 3 
develops and more phosphate is removed, inorganic As will in effect become 
more toxic to the phytoplankton (Andreae, 1979; Sanders, 1985). The re-
sponse of the phytoplankton to the dissolved inorganic As will depend on 
the dominant species present (Sanders & Vermersh, 1982), and this will vary 
seasonally and spatiaDy. 
At a station between the two sites ( C T D 1725), samples were taken at 
four depths ranging from 8 to 63m. Dissolved inorganic As and phosphate 
both had minimum values at 26m deep, suggesting removal by biological ac-
tivity. Chlorophyll a had a minimum concentration at 267n and the bottom 
waters had slightly higher values than the surface (Table 5.5). This may be 
a result of decaying phytoplankton falling through the water column. 
In Sept./Oct. 1989, the mean inorganic As concentration in the southern 
North Sea was 1.11 ± 0.18^^i45//, with some of the highest values (upto 
i.b7figA3/l) in the plumes of the Rhine, Thames and the Ems. The lowest 
values were found off the Northumbrian and Dutch coasts. The dissolved 
inorganic As and the water temperatures are also presented as contour plots 
using the UNIRAS contouring package, UNIMAP (Figure 5.7). However, 
due to the non-uniform sampling for inorganic As, the contouring in some 
areas is imjustified. The mean water temperature was 16.17 ± 1,67"^, which 
was significantly higher than in April 1989 (7.80 ± 0.80*'C). The lowest 
temperatures were near to the Northumbrian coast with 12.18''C, whilst 
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Table 5.5: Inorganic As, phosphate, chlorophyll a and temperatiue profiled 
at a station ( C T D 1725) in the North Sea, April 1989 (CH50). 
Depth 
(m) 
Inorg, As 
ifxgAs/l) 
Phosphate 
ifiM) 
Chi. a Temp. 
8 . 0.73 0.38 1.2 6.97 
26 0.61 0.36 1.0 6.97 
46 0.72 0.42 1.3 6.85 
63 0.82 0.38 1.3 6.82 
the highest values, which were 18.57''C, were in the Rhine Plume. The 
temperature gradient across the North Sea is clewly shown by the UNIMAP 
contouring plot (Figure 5.7) and this is consistent with the average summer 
temperature regime for the southern North Sea which has the highest siirface 
temperatures along the Dutch coast (de Wolf & Zijlstra, 1988). 
Phosphate concentrations in Sept./Oct. 1989 ranged from a minimum 
of Q.i4fiM in the central North Sea ( C T D 2775), to a maximum value of 
4.88^^/ in the mouth of the Humber ( C T D 2854). The mean phosphate 
concentration was higher than in April 1989, but chlorophyll a was lower 
than earlier in the year (Table 5.2). Direct comparison between the two 
surveys is inappropriate, as the Sept/Oct data is strongly influenced by the 
estuarine plumes, which supply an excess of phosphate to the North Sea and 
may also support different phytoplfuikton assemblages. 
5.2.2 Dissolved M M A a n d D M A in the water c o l u m n . 
Water samples were collected in April 1989 and Sept./Oct. 1989, but MMA 
and DMA were only detected in the later cruise. The results are shown in 
Figure 5.8 and Figure 5.9. 
In Sept/Oct 1989, the mean concentrations of MMA and DMA in the 
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Figure 5.7: U N I M A P plots of temperature and dissolved inorganic As in the 
North Sea, Sept /Oct . 1989 ( C H 6 1 ) . l 0 n A / . 4 j are equivalent to O.lbngAs/l. 
(Supplied by T Moffat, Polytechnic South West.) 
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Figure 5.8: Dissolved MMA in the southern North Sea, Sept./Oct. 1989 
(CH61). The NSP sample identification numbers are given in Section 5.1.1.. 
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ample Identification numbers are given in Section 5.1.1.. 
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North Sea were O.ll ±Q.04^gA3/l and 0.26 ±0.IS fig As/1, respectively. The 
MMA ranged from below-detection in some areas off the coast of the U K , to 
maximum values of 0.2ZfigA3/l in the area offshore from the Ems Estuary. 
UNIMAP contour plots of the data show a distinct gradient of methylated 
As across the North Sea, but due to limited sampling in some areas these 
plots must be treated with caution (Figure 5.10). DMA, which was detected 
in all the samples, was mostly higher than the MMA concentrations. The 
lowest values of DMA {0.09^gAs/l) were found off-shore from the Thames 
plume, whilst the highest values {O.TlfigAs/l) were in the plume of the Ems 
Estuary. The presence of DMA tends to coincide with the higher water tem-
peratures, but there is no significant correlation over the whole North Sea. 
Over the whole survey area, methylated As was 25% of the total dissolved 
As, the Humber and Thames Plimies had lower values with 21%, whilst 
the Dutch Coast area was 32%. De Wolf & Zijlstra (1988) report that the 
average seasonal abundances of phytoplankton in the Dutch coast are gen-
erally higher than in the Humber/Thames region, but both areas show a 
sharp increase in April. After this, in the Humber/Thames area, there is a 
slow decline with a later peak in October. The spring bloom in the Humber 
Plume occurs slightly earlier than the one in the area off East Anglia, which 
peaks in May and gradually decreases until winter (Adams, 1983). The 
bloom near East Anglia was discussed in Section 5.2.1. In the Dutch coast 
there is a second peak in July, followed by a minor one in September. These 
secondary blooms may be related to silicate mineralisation (de Wolf & Zijl-
stra, 1988). The spring blooms in the North Sea are usually dominated by 
diatoms, after which dinoflagellates are abundant in the summer, followed 
by another diatom bloom in the autumn (Adams, 1983). Diatoms have been 
shown to be resistant to As(V) even under low phosphate concentrations, 
and this may explain the absence of methylated As in April 1989 (Morris 
et al., 1984). There have been reports of annually increasing quantities of 
phytoplankton in the Dutch coast, which has been related to the increased 
nutrient outflow from the rivers (Zijlstra & de Wolf, 1988). 
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In Sept/Oct 1989, there was a large temperature range from the north 
UK coastline to the Rhine Plume (Figure 5.7). Similarly, chlorophyll a 
ranged from 0.3ng/i in the area to the north of the Humber Estuary ( C T D 
2853), to 23.Stig/l off the Dutch coast ( C T D 2778). This peak concentration 
is consistent with de Wolf & Zijlstra (1988) who cite chlorophyll a concen-
trations of 15 to 25/ig// in a spring bloom (April to May) off the Belgium 
and Dutch coasts. De Wolf k Zijlstra (1988) suggest that the initial phy-
toplankton bloom in March is triggered by light intensity rather than the 
onset of stratification and this independence of temperature may continue 
through the productive season. Due to the shallow nature of this area, the 
phytoplankton bloom is not restricted by nutrients because the well-mixed 
water colimm enables the continuous supply of nutrients from the sediments. 
There was no correlation of DMA with temperature or chlorophyll a, indi-
cating that there is a complicated relationship between phytoplankton abun-
dance and the appearence of methylated As. Biological activity is affected by 
vertical mixing, light, temperature, nutrient supply and zooplankton grazing 
(Robinson, 1983). The relationship between MMA and DMA over the whole 
survey area was poor (r = 0.41). In the Himiber Plume the correlation was 
stronger ( r = 0.76) whilst along the Dutch Co£kSt the correlation was much 
weaker (r = 0.25), suggesting that MMA and DMA may not be excreted 
simultaneously from some phytoplzmkton species. It is also possible that 
MMA is a decay product of DMA in the water column. If so, then there 
would be a time delay between the observation of MMA and DMA. 
There are 68 species of phytoplankton in the whole North Sea (de Wolf & 
Zijlstra, 1988), and they may release MMA and DMA at different rates and 
in different quantities. Two dominant species in the southern North Sea 
are Biddulpkia sinensis (diatom), which has peak concentrations in the 
Dutch coast, and Phaeocystis spp (flagellate) (de Wolf & Zijlstra, 1988). 
A Phaeocystis bloom occurred off the coast of East Anglia in April and 
'May 1989, and cell counts of up to approximately 27Q0QceUs/mi were found 
(data from David Mills, University of Wales). During the Sept/Oct 1989 
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survey, phytoplankton species were identified in three water samples, one 
of which was in the Ems Plume and the other two were from the N-E area 
of the survey grid. Unfortunately these samples did not coincide with sam-
ples analysed for As. However, they give an indication of the phytoplank-
ton species present in those general areas. In the three locations the cell 
counts ranged from 221-312ce//3/m/, which was significantly lower than in 
the spring bloom off East Anglia. The sample from the Ems Plume, where 
some of the highest DMA concentrations were found, comprised of 48% di-
atoms, mainly ChaetoceTOs debile and Thalassiosira nordenskioldiij and 
34% flagellates, which were unidentified. The two samples from the N-E 
area of the survey grid were largely flagellates (64% and 51%) of unidentified 
species, with the rest being dinoflagellates and diatoms. The high concen-
trations of MMA and DMA near the Dutch Coast are probably a relic of an 
earlier phytoplankton bloom, as previous data has suggested that there is a 
delay between peak primary production and the release of MMA and DMA. 
When methylated As is detected in the water column, the phytoplankton 
species which were responsible for its release may have been succeeded by 
different phytoplankton by the time the water sample was collected. 
5.3 Summary 
Inorganic As was detected throughout the North Sea on both cniises, with 
peak values being associated with the estuarine plumes. MMA and DMA 
were not detected in April 1989 when a Phaeocystis bloom was developing 
in the area off the East Anglia coast. However, MMA and DMA were present 
in Sept/Oct 1989 when the biological activity was slightly less than earlier 
in the year. DMA was in excess of MMA in nearly all the samples, but 
there was no strong relationship between them. The highest concentrations 
of methylated As were found off the Dutch Coast and particularly the Ems 
Estuary. It is suggested that tfiere is a delay between peak primary pro-
ductivity and the emergence of the associated methylated As. Throughout 
the North Sea there were no clear relationships between water tempera-
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ture, phosphate, inorganic As, chlorophyll a and the presence of methylated 
As species. This is likely to be the result of the many estuarine plumes 
which supply inorganic As and nutrients to the North Sea, causing compli-
cated and dynamic behaviour between primary production and the release 
of methylated As. 
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Chapter 6 
Conclusions and Further 
Work 
6.1 The significance of estuarine inputs of arsenic 
to the North Sea. 
The Humber Estuary has elevated concentrations of dissolved inorganic As 
(upto 23^gA3/l) in its upper reaches, which are a direct result of an effluent 
from a copper refinery. There is signiRcant removal of dissolved As from 
the water column and uptake onto suspended particles in the lower estuary 
in the vicinity of an Fe-rich efRuent. There appears to be removal in the 
upper estuary in association with the freshwater-brackish water interface, 
but there is insufficient data to confirm this. The intertidal sediments had 
the highest concentrations of As in the vicinity of the metal refinery and the 
suspended particles in the plume showed a distinct concentration gradient 
with distance away from the estuary. This indicates that inorganic As from 
the Humber Estuary is also being transported into the coastal boundary 
zone of the North Sea in the particulate phase. Dissolved inorganic As 
within the plume does not have a strong concentration gradient, but this is 
a result of vigorous mixing in this area. 
There is no evidence to suggest that the Humber Estuary is a source 
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Table 6.1: A summary of the concentrations (mean and standard devia-
tions) of dissolved As data from the Humber Plimie, Thames Plume and 
the southern North Sea. Personal communication of data from Dr A 
Howard, Southampton University. H=Himiber Plume, T=Thame3 Plume, 
NS=North Sea, B/D=Below detection. 
Survey Date Dissolved As species {fxgAs/l) 
Inorganic MMA DMA 
CH33(NS)'* 8/1988 0.72 ± 0 . 2 3 0.06 ± 0 . 0 1 0.37 ± 0 . 1 5 
CH42(H) 12/1988 2.57 ± 0 . 3 4 B / D B / D 
CH46(T) 2/1989 3.28 ± 0.09 B / D B / D 
CH50(NS) 4/1989 0.90 ± 0.08 • B / D B / D 
CH61(NS) 9/1989 1.11 ± 0 . 1 8 0.11 ± 0 . 0 4 0.26 ± 0 . 1 5 
CH61(H) 9/1990 1.05 ± 0 . 1 3 0.08 ± 0.06 0.20 ± 0 . 0 7 
CH65(H) 5/1990 1.32 ± 0 . 1 8 B / D 0.05 ± 0.02 
CH69(H) 8/1990 1.20 ± 0 . 1 5 0.05 ± 0 . 0 2 0.21 ± 0 . 0 5 
CH69(T) 8/1990 2.12 ± 1.05 0.07 ± 0 . 0 3 0.25 ± 0 . 2 3 
of methylated As to the North Sea. MMA and DMA were not detected 
in the upper and middle estuary and this is due to the dynamic nature 
of the estuary which results in high tiubidity and currents which are not 
conducive to phytoplankton blooms. However, methylated As was present 
in the Humber Plume and the rest of the North Sea from spring to autumn. 
In the Thames Plume concentrations of dissolved MMA and DMA re-
duced with decreasing salinity, indicating that, like the Humber Estuary, the 
Thames Estuary is not contributing methylated As to the plume. On one 
occasion there was a distinct concentration gradient of dissolved inorganic 
As away from the estuary demonstrating its transport into the plume. The 
suspended particles, which had lower concentrations of particulate As than 
the Himiber Estuary, had no clear distribution within the estuary or the 
plume, which may be the result of sewage dumping and various outfalls in 
the area. Data from the Humber Plume, Thames Plume and the North Sea 
are summarised in Table 6.1 and Table 6.2. 
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Table 6.2: A summary of the support data from the samples collected in the 
Humber Plume, Thames Plume and the southern North Sea. H=Humber 
Plume, T=Thames Plume, NS=North Sea, N/A=Not available. 
Survey Date Temp. Salinity Phosphate Chi a 
(psu) (Mff//) 
CH33(NS) 8/1988 15.3 34.1 0.26 1.8 
CH42(H)' 12/1988 7.2 33.7 1.04 N/A 
CH46(T) 2/1989 7.1 33.6 N/A N/A 
CH50(NS) 4/1989 7.8 34.6 0.35 4.0 
CH61(NS) 9/1989 16.2 34.1 0.62 2.4 
CH61(H) 9/1990 15.1 34.5 0.83 1.0 
CH65(H) 5/1990 10.5 34.0 0.73 4.6 
CH69(H) 8/1990 16.3 34.1 0.36 N/A 
CH69(T) 8/1990 18.6 33.0 5.50 N/A 
T h e fluxes of inorganic As from estuaries to the North Sea. 
Fluxes of inorganic As out of the Humber and Thames Estuaries in the dis-
solved and particulate phases were calculated using average concentrations 
for dissolved and particulate As and river discharge data where available 
(Table 6.3). Some of the river discharge data had to be estimated from 
monthly averages from previous years. The flux of dissolved inorganic As 
from the Humber Estuary ranged from 7.1 — 2^.SkgAs/day^ and for the 
Thames Estuary it was lower with 2.2 - d.SkgAs/day. Particulate inorganic 
As fluxes were 0.5 - QAkgAs/day in the Humber and 0.1 - 2,QkgA3/day 
in the Thames. The flux of particulate As contributed 4-43% of the total 
flux of inorganic As out of the estuaries and into the coastal boundary zone. 
This data is lower than estimates of As inputs to the North Sea given in the 
literature (Table 1.12). Hill et al. (1984) quote As fluxes to the North Sea 
of 26 - TTkgAa/day for the Humber and 7 - IQkgAs/day for the Thames, 
but these values are average estimates and are therefore less accurate than 
those of this study. 
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Table 6.3: The flux of dissolved and particulate inorganic As from the Hum-
ber and Thames Estuaries. Inorganic As data taken from the anchor station 
locations. River flow data estimated from the monthly average of the same 
month for the previous year. N/A=Not available. 
Dissolved Particulate Total 
Date River 
Flow 
(mV^) 
Inorg. As 
Cone. 
(^gAs/l) 
Inorg. As 
Flux 
{kgAs/day) 
Inorg. As 
Cone. 
(tJigAs/m^) 
Inorg. As 
Flux 
(kgAs/day) 
Inorg. As 
Flux 
{kgAs/day) 
Humber 
CH42(a) 
CH42(b) 
CH65 
CH69 
183 
314 
88** 
59" 
1.59 
0.94 
1.10 
1.40 
25.1 
25.5 
8.4 
7.1 
N/A 
N/A 
848 
104 
N/A 
N / A 
6.4 
0.5 
25.1 
25.5 
14.8 
7.6 
Thames 
CH46 
CH69 
15 
6» 
7.3 
4.3 
9.5 
2.2 
1501 
158 
2.0 
0.1 
10.1 
2.3 
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Figure 6.1: Inorganic As against phosphate for samples in the Humber 
Plume, Thames Plume and the southern North Sea. Data for CH33 supplied 
by Dr A Howard, Southampton University. H=Humber Plume, T=Thames 
Plume, NS=North Sea. 
6.2 The significance of biological processes and 
methylation. 
Relationship between dissolved inorganic A s and phosphate. 
Both dissolved inorganic As and phosphate had winter maxima with their 
concentrations decreasing over the summer (Table 6.1 and Table 6.2). In-
organic As and phosphate in the Thames Plimie (July/August 1990) were 
very well correlated (r = 0.99), whereas in the Humber Plume there were 
no correlations throughout the year. However, plotting mean values of dis-
solved inorganic As against dissolved phosphate for each survey produced a 
linear relationship (r = 0.78) excluding the data from the Thames Plume 
(Figure 6.1). The Thames Plume was enriched in phosphate with respect to 
the Humber Plume and the North Sea, this was partly a result of sampling 
at lower salinities than in the Humber Plume. This indicates that there is 
a strong underlying relationship between inorganic As and phosphate, but 
when looking at small groups of samples this breaks down. 
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Table 6.4: The ratios of molecular dissolved phosphate to dissolved inorganic 
As. Phosphate data was not available for CH46 at the time of writing this 
thesis. 
Survey Date Phosphate: 
Inorg. As 
CH33(NS) 8/1988 21 1 
CH42(H) 12/1988 31 1 
CH50(NS) 4/1989 29 I 
CH6l(NS) 9/1989 41 1 
CH61(H) 9/1990 59 1 
CH65(H) 5/1990 41 1 
CH69(H) 8/1990 23 1 
CH69(T) 8/1990 196:1 
The molecular ratio of dissolved phosphate to dissolved inorganic As 
(which is primarily As(V) in well oxygenated seawater) ranged from 21:1 
in the North Sea, to 196:1 in the Thames Plume (Table 6.4). Even at 
such high excesses of phosphate over inorganic As, the biomethylation of As 
still ocurred. Similar behaviour has been identified in the Tamar Estuary 
and Charlotte Harbor (Florida) where the phosphate to As(V) ratios were 
18:1 and 2000:1, respectively (Howard et al., 1988; Froelich et al., 1985). 
This indicates that some phytoplankton species take-up As(V) irrespective 
of the phosphate concentration. Conversely, some phytoplankton species 
are capable of discrimination between phosphate and As(V) (Apte et al., 
1986). Thus, in a natural phytoplankton assemblage, consisting of many 
phytoplankton species, it will be difficult to determine which are not capable 
of selectivity between As(V) and phosphate and hence responsible for As 
methylation. 
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The role of methylation in the cycling of arsenic. 
The me thy la t ion of A s ( V ) i n the N o r t h Sea and estuarine plumes varies sea-
sonally and spatially. The Humber Estuary and the Thames Estuary do not 
have any detectable me thy la t i on processes going on w i t h i n the water c o l u m n . 
However, M M A and D M A were detected i n the plumes of b o t h of these es-
tuaries and also o f f the D u t c h Coast, where the highest concentrations were 
found . D u r i n g the winter months , when the water tempera ture was below 
about I C C , methyla ted As species were not detected. T h i s work therefore 
supports studies on other U K estuaries where significant m e t h y l a t i o n does 
not occur u n t i l the water temperature reaches 12'*C ( H o w a r d et a l . , 1984). 
When the spring phy top l ank ton blooms started, inorganic As was removed 
at rate of OMfigAa/l/day, bu t there was a delay before M M A and D M A 
reached their m a x i m u m concentrations which occurred in late summer and 
early au tumn . The mean concentrations of D M A were higher than M M A by 
up to 6 t imes. There were no significant correlations of me thy la ted As w i t h 
water temperature, ind ica t ing tha t a l though temperature may tr igger the 
release o f M M A and D M A , the extent to which they are produced is inde-
pendent of i t . I n the Humber and Thames Plumes, me thy la ted As was up to 
2 1 % o f the t o t a l dissolved As i n the water co lumn and o f f the D u t c h Coast 
i t was higher at 32%. This is a lower than has been repor ted i n some areas, 
such as Chesapeake Bay where M M A and D M A were up t o 80% o f the t o t a l 
As (Sanders, 1983). The lower percentage o f me thy l a t i on i n the N o r t h Sea 
may be a result of suff icient ly h igh concentrations of phosphate, supplied 
by the estuaries, which reduce the A s ( V ) stress on the p h y t o p l a n k t o n . The 
highest concentrations o f M M A and D M A were f o i m d i n the D u t c h Coast 
which is the result o f h igh water temperatures and h igh phosphate concen-
t ra t ions causing algal blooms. As p r o d u c t i v i t y increases and phosphate is 
depleted, A s ( V ) w i l l be taken up , methy la ted and excreted. 
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6.3 The significance of arsenic porewater processes. 
Dif fus ive fluxes of dissolved inorganic As f r o m undis tu rbed sediments ranged 
f r o m l90-22Q(ifigA3/7n^/yr i n the Humber P lume and S0-l20ngAs/m^/yr 
i n the Thames Plume. A t most , this i n p u t con t r ibu ted 9% to the totsd dis-
solved inorganic As in the water c o l u m n . However, the d i f fus ive flux is very 
sensitive to ^ , the sediment porosity, as i t is p ropor t iona l to (j>^. Changes 
i n sediment porosi ty w i l l have a s ignif icant effect o n the d i f fus ive flux, for 
example, a doubl ing of the porosi ty w i l l cause the flux to increase by a fac tor 
of eight. B i o t u r b a t i o n w i l l be at a m a x i m u m dur ing the surrmier months and 
ven t i l a t ion of the sediments by marine organisms w i l l increase the sediment 
porosi ty and enhance the d i f fus ion o f porewaters ( A Rowden, personal com-
munica t ion ) . S torm events w i l l also have significant effects on resuspension 
par t i cu la r ly i n the shallow areas of the N o r t h Sea and estuarine plumes. Un-
for tuna te ly , the effects of b i o t u r b a t i o n and resuspension on porewater fluxes 
have not been quant i f ied , but may prove to be significant i n the regeneration 
of As f r o m the sediments. 
M M A and D M A were found in porewaters, but i t is unknown whether i t 
was present due to in-s i tu m e t h y l a t i o n or f r o m the decay of p h y t o p l a n k t o n 
cells. The dif fusive flux for M M A and D M A ranged f r o m 2-l6^gA3/Tn^/yr 
which du r ing the simuner months cont r ibu ted less than 1% to the t o t a l As 
i n the water column. Aga in , resuspension and b i o t u r b a t i o n may increase 
these fluxes significantly. 
6.4 Conceptual modelling of arsenic in the ma-
rine environment. 
The u l t i m a t e object ive of the N o r t h Sea Pro jec t is the development o f a 3-D 
hydrodynamic model capable o f p red ic t ing the t ransport o f contaminants i n 
the N o r t h Sea. A chemical sub-model contairung aU the iden t i f i ed processes 
and l i nked to water dynamics is required so t ha t the behaviour o f nu t r ien ts 
and metals can be accurately forecast. A f irs t-order model o f As can be 
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based on the processes examined i n this thesis (F igure 6.2). The mode l is 
based on a water co lumn 3 0 m deep and I m ^ , s imula t ing winter condit ions at 
Silver P i t i n the Humber P lume. T h e model could be evolved on a seasonal 
time-scale, showing the removal of dissolved inorganic As by p h y t o p l a n k t o n 
as the water temperatures rise. The porewater i n p u t , assiuning tha t the 
sediments remain undis turbed, would remain re la t ively smal l and would not 
compensate for the loss of dissolved inorganic As th rough biological ac t iv i ty . 
However, du r ing the summer, extended periods o f anoxia in the sediments 
would enhance the reduct ion o f Fe and M n oxyhydroxides and the subse-
quent release of As f r o m the par t icula te phase. T h e most d i f f i c u l t component 
of the mode l to determine is the inpu t of dissolved and par t icula te As f r o m 
the Humber Estuary and a greater knowledge of the water dynamics i n this 
area is required. Clearly, this work provides estimates for the overal l As i n -
puts i n t o the coastal boundary zone but i t is d i f f i c u l t t o apply i t accurately 
to specific areas. T i m e dependent mode l l ing was no t possible due t o t ime 
constraints but could provide valuable i n f o r m a t i o n when integrated i n t o the 
3-D hydrodynamic mode l which is under development. 
6.5 Further work-
i n order to fu r the r investigate the questions raised i n this study, and to ex-
pand the database w i t h compl imenta ry data, the f o l l o w i n g work is required: 
o Porewater fluxes o f inorganic As, M M A and D M A have on ly been cal-
culated fo r undis turbed sediments. I t is believed tha t the b i o t u r b a t i o n 
and i n t e rmi t t en t resuspension o f sediments by s t o r m events may sig-
n i f i can t ly increase the release o f porewater As and may play a large 
role i n the supply and speciation o f As in the water co lumn . Therefore 
i t is suggested tha t the impact o f these events is assessed. 
o The appearance o f M M A and D M A in the water co lunm was not 
d i rec t ly related to the water tempera ture o r t o the abundance o f phy-
top lank ton . Fur ther work is required to determine the cause o f the 
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Figure 6.2: Conceptual box mode l o f the biogeochemical cycle o f As i n the 
Silver P i t area, (Humber P lume) under winter condit ions i n a water co l imin 
30m deep and I m ^ . The boxes contain the masses o f As . 
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delay between peak p r imary p roduc t ion and peak methy la ted As con-
centrations and also to iden t i fy the most s ignif icant factors cont ro l l ing 
As me thy la t ion . Phy top lank ton incubat ion studies on species native 
t o the N o r t h Sea would provide a more detai led insight in to their re-
sponse to A s ( V ) stressing. 
• I t was unknown whether M M A and D M A detected i n sediment pore-
waters were a result o f in -s i tu me thy l a t i on o r were released by decaying 
organic mat te r . Incuba t ion studies o f N o r t h Sea sediments could pro-
vide essential i n f o r m a t i o n on these processes and put t hem in context 
w i t h the organic m a t t e r i npu t , nu t r ien t supply and interact ions w i t h 
the solid phase. 
• To assess the impact of As inputs to the N o r t h Sea and the role that 
me thy la t ion plays, a f irst-order chemical sub-model for As t ranspor t 
in the N o r t h Sea has been proposed. Some fluxes are yet to be de-
te rmined , such as the con t r ibu t ion o f estuarine inputs to segments o f 
the coastal boundary zone. However, there now exists a conceptual 
f ramework fo r fu r the r development o f the chemical mode l l ing and its 
u l t i m a t e incorpora t ion into the 3-D hydrodynamic model now under 
construct ion at the P roudman Oceanographic Labora to ry . 
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Appendix A 
Chemical Data from the 
Environmental Surveys 
A . l Humber Estuary Surveys 
A.2 North Sea Cruises 
A.2 .1 Shakedown C r u i s e - M a y 1988 ( C H 2 8 ) 
A . 2 . 2 H u m b e r P l u m e - D e c e m b e r 1988 ( C H 4 2 ) 
A . 2 . 3 T h a m e s P l u m e - F e b r u a r y 1989 (CH4a) 
A , 2 . 4 B l o o m C r u i s e - A p r i l 1989 ( C H 5 0 ) 
A . 2 . 5 S u r v e y C r u i s e - S e p t / O c t 1989 ( C H 6 1 ) 
A . 2 . 6 H u m b e r P l u m e - M a y 1990 ( C H 6 5 ) 
A . 2 . 7 H u m b e r Sc T h a m e s P l u m e s - J u l y / A u g 1990 ( C H 6 9 ) 
A l 
APPENDIX A . l . a t D i s s o l v e d i n o r g a n i c a r s e n i c i n t h e Humber 
E s t u a r y . A x i a l survey 10/11/88. 
S a l i n i t y 
PSU 
Temperature 
°C 
PH I n o r g a n i c As 
Mg/1 
2.0 8.8 7.9 13.5 
3.0 8.6 7.2 14.6 
4.0 8.6 8.0 12 .9 
4.4 8.8 7.6 13.5 
4.6 8.6 7.8 13.4 
5.0 8.6 7.9 12.6 
5.0 8.8 8.6 12.6 
5.5 8.7 7.0 13.7 
5.5 8.8 7.6 13.0 
5.5 8.7 7.6 11.9 
5.5 8.6 7.6 13.6 
5.6 8.8 7.3 12.6 
7.2 9.0 7.5 12.4 
A2 
APPENDIX A.l.b: D i s s o l v e d i n o r g a n i c a r s e n i c i n t h e Humber 
E s t u a r y . A x i a l survey 18/7/89. 
S a l i n i t y Temp SPM PH I n o r g a n i c 
PSU °C rag/1 As, /ig/1 
0.0 22.5 234 7.9 15.6 
1.6 21.0 267 7.5 22.8 
3.6 20.6 190 7.7 22.1 
6.6 22.0 201 7.7 20.1 
7.0 21,0 142 7.8 20.1 
7.8 19.9 297 7.8 21.1 
8.5 19.8 100 7.8 17.3 
9.4 19.8 156 7.8 21.8 
9.5 19.8 134 7.8 20.7 
9.5 19.8 351 7.8 21.4 
9.5 19.8 134 7.8 17.7 
10. 3 19.8 693 7.8 19.4 
10.6 20.0 122 7.8 20.1 
11. 0 19.9 485 7.9 19.7 
12 . 5 19.5 291 7.8 20.7 
13.7 19.4 396 7.7 14.6 
14.7 19.2 182 7.7 13.9 
15.5 19.2 86 7.7 11. 0 
17.5 18.8 70 7.6 7.9 
19.5 18.8 45 7.7 7.9 
21.0 18.6 92 7.8 5.3 
23.3 18.5 58 7.6 5.5 
24.5 18.5 60 7.6 3.4 
25.0 18.4 165 7.7 3.1 
A3 
APPENDIX A . l . c : A v a i l a b l e heavy metals i n suspended s o l i d s from the Humber Estuary 12/1/88. 
S a l i n i t y 
PSU 
A v a i l a b l e Heavy Metals i n Suspended S o l i d s * , /ig/g 
Fe Mn Cu Zn Cr Co As 
<0.5 6000 640 40 500 — — 3.5 
<0.5 4750 850 30 470 17 31 2.7 
0.7 8800 1150 140 410 18 26 
0.7 9400 1290 240 480 — — 
0.8 8100 1090 160 350 — — 5.6 
1.3 10100 1140 120 470 — — 4.3 
2.1 10100 1120 190 360 37 27 5.4 
2.8 5500 1000 30 250 33 34 
4.4 11000 970 70 440 — — 5.8 
5.0 10900 1020 50 350 -- — 6.0 
7.0 11400 960 50 290 34 26 
9.3 12400 1100 70 310 — — 5.2 
13.5 22700 710 80 360 59 94 
16.4 12600 960 90 500 34 32 
17.8 15300 890 110 950 -- — 
24.5 11600 1050 190 2220 — — 
25.9 16150 910 140 450 38 33 
CTD 142"^ 16300 — -- 9,3 
CTD 141"*" 4600 — 1 . 0 
NOTES 
* S o l i d s d i g e s t e d i n a mixture of 25% G l a c i a l A c e t i c Acid i n 0.05M Hydroxylamine Hydrochloride; 
* Suspended s o l i d s c o l l e c t e d a t the mouth of the Humber during CH28, 23/4/88. 
en 
APPENDIX A.l.d: A v a i l a b l e heavy metals i n i n t e r t i d a l sediments from the 
Humber Estuary 8/4/88. 
S t a t i o n Location 
A v a i l a b l e Heavy Metals*, ng/g 
Fe Mn CU Zn As 
H17 Spurn Lighthouse 630 100 ND 10 0.3 
H 7 Spurn Bight 1360 170 ND 30 0.3 
H 3 Stone Creek 6760 790 20 140 3.1 
H 2 E a s t P a u l l 7980 120 20 180 3.9 
H12 Capper Pass 5940 720 20 190 2.2 
H93 Humber Bridge 10510 1160 30 300 8.6 
H18 Burton Stather-5km 
from Trent F a l l s 
4090 510 10 160 2.3 
H 6 F a x f l e e t 4620 530 20 140 3.4 
H 9 Brough Haven 7740 1260 30 240 5.4 
H21 H u l l P i e r 3730 400 10 80 2.8 
H16 Skelton Bridge-15km 
from Trent F a l l s 
4320 460 10 120 2.3 
Coast Hornsea, Holderness 380 60 ND 10 0.04 
NOTES 
* Sediments dige s t e d i n a mixture of 25% G l a c i a l A c e t i c Acid 
i n 0.05M Hydroxylamine Hydrochloride. 
APPENDIX A.2.1.a; A v a i l a b l e metals i n suspended s o l i d s from the 
Humber E s t u a r y and Plume. CH28, May 1988. 
Samples from a nominal depth of 12m. 
CTD 
S t a t i o n s 
S a l i n i t y 
PSU 
Fe 
mg/g 
As 
Mg/g 
Hg 
^g/g 
141* 34.1 4.6 1.0 
142^ 24.3 28.6 21.1 0.32 
142* 24.3 16. 3 9.3 
143^ 26.1 30.7 40.4 0.42 
144^ 30.0 26.5 17.4 0.68 
145^ 31.9 22.3 13.3 0.19 
146^ 33.4 14.1 7.5 1. 05 
NOTES 
* S o l i d s d i g e s t e d i n a mixture of 25% G l a c i a l A c e t i c A c i d i n 
0.05M Hydroxylamine Hydrochloride. 
^ S o l i d s d i g e s t e d i n IM H y d r o c h l o r i c A c i d . 
A6 
APPFNnTV A.2.2.a: D i s s o l v e d i n o r g a n i c a r s e n i c a t a Humber 
Es t u a r y Anchor S t a t i o n . CH42, December 1988 
The nominal depth f o r a l l samples i s 12m. 
CTD 
S t a t i o n 
Time 
GMT 
I n o r g a n i c As 
Mg/1 
1070 13.04 1.70 
1071 13.56 1.50 
1072 14.54 3.67 
1073 15.55 1.87 
1074 17.00 2.45 
1075 17.57 1.50 
1076 18.55 1.50 
1077 19.54 1.16 
1078 20.54 1.16 
1079 22.04 0.75 
1080 23.04 0.48 
1081 00.04 1.50 
1082 01.01 1.26 
1083 02.01 1.70 
APPENDIX A.2.2.b; D i s s o l v e d i n o r g a n i c a r s e n i c a t a Humber Es t u a r y Anchor S t a t i o n . CH42, December 1988 
The nominal depth f o r a l l samples i s 12m. 
CTD 
S t a t i o n 
Time 
GMT 
I n o r g a n i c As 
1109 11.06 0.88 
1110 12.05 0.88 
1111 13.02 0.99 
1112 14.01 0.71 
1113 15.01 0.78 
1114 16.06 0.71 
1115 17.02 0.99 
1116 18.04 0.99 
1117 19.07 1. 16 
1118 20.04 1.05 
1119 21.03 1.22 
1120 22.04 
A7 
APPENDIX A.2.2 . C : D i s s o l v e d i n o r g a n i c a r s e n i c i n t h e Humber 
Plume. CH42, December 1988. 
Pumped samples nominally a t the water s u r f a c e 
and the nominal depth f o r CTD samples i s 12m. 
CTD or Pump(P) I n o r g a n i c As 
S t a t i o n Mg/1 
P I 2.24 
P2 2.31 
P3 2.72 
PIO 3.06 
P l l 2.62 
P12 2.58 
P13 3.26 
P16 2.96 
P17 2.82 
P26 2.65 
P27 3.37 
P29 2.62 
P30 2.69 
P31 2.41 
P32 2.62 
P33 2.28 
1095 2.79 
1096 2.21 
1100 2.62 
1101 2.35 
1102* 2.45; 2.31 
1103* 2.55; 2.31 
1106 2.41 
1107* 2.24; 2.48 
1108 2.28 
1121 1.84 
NOTES 
* D u p l i c a t e a n a l y s e s 
AS 
APPENDIX A,2.3.a: D i s s o l v e d i n o r g a n i c a r s e n i c a t a Thames E s t u a r y 
^ Anchor S t a t i o n . CH46, February 1989. 
The nominal depth f o r a l l samples i s 12m. 
CTD 
S t a t i o n 
Time 
GMT 
I n o r g a n i c As 
Mg/1 
1405 12.12 7.2 
1406 13.18 6.9 
1407 14.12 6.9 
1408 15.07 6.9 
1409 16.07 6.9 
1410 17.07 
1411 18.07 7.6 
1412 19.07 8.2 
1413 20.07 7.5 
1414 21.07 7.8 
1415 22.07 7.8 
1416 23.07 7.1 
1417 00.07 7 .1 
1418 01.07 7.5 
A9 
APPENDIX A.2,3.b: D i s s o l v e d i n o r g a n i c a r s e n i c i n t h e Thames 
Plume. CH46, February 1989. 
Pximped samples nominally a t t h e water s u r f a c e 
and the nominal depth f o r CTD samples i s 12m. 
CTD or Pump(P) I n o r g a n i c As 
S t a t i o n Mg/1 
PlOO 2.7 
P102 4.8 
P103 4.4 
P104 4.4 
P105 2.4 
P106 3.7 
P108 4.1 
P l l O 3.2 
P112 3.7 
P113 5.8 
P114 1.7 
P116 3.2 
P118 1.7 
P119 3.2 
P120 3.6 
P121 2.5 
P122 3.2 
P124 2.7 
P125 3.7 
P126 3.7 
P127 4.1 
P128 2.5 
P129 3.1 
P130 2.7 
P133 3.4 
P134 2.4 
P135 3.1 
P136 2.7 
P137 2.7 
1430 4.8 
1434 3.9 
1435 3.4 
1435 (20m depth) 3.1 
A I D 
APPRNDIX A.2.3.C: D i s s o l v e d and suspended p a r t i c u l a t e a r s e n i c and a s s o c i a t e d K^s and p a r t i c u l a t e 
i r o n and manganese. CH46, February 1989. 
Sample 
P a r t i c u l a t e 
Fe 
Metal, mg/g 
Mn 
P a r t i c u l a t e 
As 
/ig/g 
D i s s o l v e d 
As 
^g/1 
P109 2.9 0.1 2.1 
P115 4.8 0.3 5.2 
P132 5.3 0.2 3.7 
P139 2.8 0.1 2.3 
P145 9.6 0.5 5.2 
P152 21.3 0.3 9.4 
P156 8.0 0.4 6.5 
P159 21.4 0.9 9.9 
P164 24.6 1.1 9.7 
1409 24.5 0.9 10.5 6.9 1.52 X 10^ 
1413 31.0 1.0 6.9 7.5 0.92 X 10^ 
1417 16.4 0.7 6.9 7.1 0.92 X 10^ 
1436 24.1 0.9 8.4 
NOTES 
* Kjj dimensionless assuming I g i s equal to 1ml 
APPENDIX A.2.3.d: Oaze Deep, Core TIB. Porewater a r s e n i c and a d d i t i o n a l data. CH46, February 1989 
Depth 
cm 
Redox 
mv 
PH 
Di s s o l v e d Metal Cones, i^g/l Nutrient Cc >ncs., /iM 
As Fe Mn PO4 SiOg 
1 251 7.73 0.4 63.0 6.0 1.79 12.84 
2 220 7.64 0.1 33.0 14.0 1.97 15.36 
3 200 7.49 4.2 403.0 179.0 4.45 28.96 
4 137 7.44 10.9 1987.0 297.0 8.21 30.98 
5 78 7.48 8.2 1067.0 453.0 2.88 30.77 
6 32 7.49 9.5 1232.0 533.0 6.86 30.93 
7 -2 7.52 6.6 1482.0 317.0 2.84 28.96 
8 -23 7.47 10.7 2973.0 389.0 13.51 31.31 
9 -51 7.53 8.6 2994.0 331.0 10.29 31.09 
10 -61 7.43 4.3 2034.0 9.09 30.71 
> 
to 
APPENDIX A.2,3.e: Barrow Deep, Core T6. Porewater a r s e n i c and a d d i t i o n a l data. CH46, February 1989 
Depth 
cm 
Redox 
mv 
pH 
Di s s o l v e d Metal Cones., / i 9 / l N u t r i e n t Cc )ncs., MM 
As Fe Mn PO4 Si02 
1 327 7.75 1.3 46.0 21.0 2.48 9.60 
2 178 7.62 4.9 301.0 56.0 9.99 23.20 
3 114 7.43 15.0 2178.0 183.0 10.04 38.11 
4 88 7.42 10.4 3250.0 200.0 7.85 38.18 
5 43 7.43 10.0 3277.0 207,0 10.46 38.69 
6 19 7.44 14.1 4487.0 179.0 11.29 38.98 
7 3 7.37 13.7 5062.0 164.0 6.21 39.20 
8 -8 7.47 13.2 3087.0 166.0 10.88 39.56 
9 -18 7.40 11.5 3921.0 150.0 11.62 39.64 
10 -32 7.39 16.9 4490.0 172.0 11.68 40.22 
> 
C9 
APPFMHTX A.2.3.f: P a r t i c u l a t e elements i n a sediment cor e from 
" the Oaze Deep. CH46, February 1989. 
Core % P a r t i c u l a t e Element, mg/g* P a r t . As* 
Mg/g Depth cm 
<63 fim Ca Fe Mn 
0 25.3 47.9 3.7 0.2 5.7 
1 47.5 48.9 4.5 0.2 3.7 
2 34.5 56.0 3.9 0.2 3.0 
3 12.5 50.8 2.6 0.1 4.0 
4 7.7 44.7 3.1 0.1 3.1 
5 25.8 52.0 1.1 0.2 1.1 
6 43.8 62.5 1.0 0.2 1.0 
7 14.3 42.2 2.9 0.1 2.9 
8 8.9 39.5 3.9 0.1 3.9 
9 9.5 43.5 4.6 0.1 4.6 
10 34.5 52.9 1.1 0.1 1.1 
11 7.2 53.6 2.5 0.1 2.5 
12 6.9 54.5 2.7 0.1 2.7 
13 8.0 50.9 3.0 0.1 3.0 
14 15.5 52.5 2.4 0.1 2.4 
15 13.9 50.5 2.3 0.1 2.3 
16 19.0 50.0 2.6 0.1 2.6 
17 11.2 48.5 2.4 0.1 2.4 
NOTES 
* V a l u e s c o r r e c t e d f o r l o s s of CaCOa du r i n g l e a c h i n g w i t h IM 
H y d r o c h l o r i c A c i d . 
A14 
APPENDIX A.2.4; D i s s o l v e d i n o r g a n i c a r s e n i c i n t h e North Sea. 
CH50, A p r i l 1989. 
Pumped samples from the water s u r f a c e and CTD 
samples a t a nominal depth of 12m, except where 
s t a t e d . 
Pumped(P) or CTD Sample I n o r g a n i c As, 
1707 0.88 
1710 0.92 
1712 0.95 
1714 0.93 
1717 0.96 
1719 0.96 
1719* 0.96; 1.00; 0.96; 1.00 
1723* 0.80; 0.82; 0.73; 0.91 
1735 0.78 
1738 0.90 
1742 0.96 
1748* 1.00; 0.85 
1751 0.83; 0.97 
1753 0.95 
1725 (Depth 7m) 0.73 
1725 (Depth 25m) 0.61 
1725 (Depth 45m) 0.72 
1725 (Depth 62m) 0.82 
1720 0.99 
1703 1.07 
P26 0.83 
P38 0.86 
P53 0.86 
P58 0.90 
P64 0.90 
P70 0.82 
P74 0.84 
P75 0.94 
P77 0.90; 1.00 
NOTES 
* R e p l i c a t e a n a l y s e s A15 
APPENDIX A.2.5t D i s s o l v e d a r s e n i c s p e c i e s i n the North Sea 
CH 61, September 1989. 
CTD Nomin. Co n c e n t r a t i o n s of As S p e c i e s , /xg/l 
S t a t i o n Depth 
m* I n o r g a n i c As MMA DMA 
2747 12 0.92 0.08 0.13 
2749 12 1.09 0.05 0.13 
2752 12 0.93 0.11 0.36 
2757 12 1.24 0.11 0.13 
2759 12 1.08 0.09 0.13 
2760 12 1.24 0.12 0. 10 
2761 12 1.40 0.05 0.09 
2764 12 1.45 0. 15 0.19 
2766 12 1.57 0. 16 0.37 
2767 12 1.01 0.03 0.28 
2769 12 1.12 0.14 0.37 
2771 12 0.98 0.09 0.20 
2775 12 0.95 0.11 0.36 
2778 12 0.95 0.08 0.49 
2779 12 0.94 0. 12 0.42 
2781 12 1.22 0.14 0.50 
2785 12 1.01 0.13 0.71 
2788 12 1.04 0.03 0.71 
2791 12 1.40 0.07 0.11 
2795 12 1.40 0.23 0,31 
2800 12 1.34 0.19 0. 38 
2810 12 1.28 0.10 0. 34 
2823 12 1.01 0.10 0.18 
2826 12 0.84 0.08 0. 14 
2830 12 0.95 0.09 0. 19 
2830 12 0.95 0. 12 0.15 
A16 
CTD Nomin Concentr a t i o n s of As S p e c i e s , Mg/1 
S t a t i o n Depth 
m* I n o r g a n i c As MMA DMA 
2836 12 0.96 0.10 0.18 
2848 12 1.03 0.04 0.12 
2849 12 0.91 0.14 0.29 
2850 12 0.96 0.19 0.30 
2851 12 0.87 ND 0.15 
2852 12 1.14 0.09 0.28 
2853 12 0.90 0.13 0.32 
2854 12 1.03 ND 0.12 
2855 12 1.14 0.11 0.24 
2856 12 1.32 0.02 0.16 
2857 12 1.23 0.07 0.26 
2858 12 1.06 0.12 0.17 
2859 12 1.11 0.03 0.11 
2860 12 1.01 0.11 0.18 
2861 12 1.17 0.12 0.24 
NOTES 
* Nominal depth only recorded 
A17 
APPENDIX A.2.6.ai D i s s o l v e d a r s e n i c s p e c i e s a t t h e Humber Anchor 
S t a t i o n . CH65, May 1990. 
CTD samples nominally a t a depth of 12m. 
CTD 
S t a t i o n 
Time 
GMT 
Con c e n t r a t i o n of As S p e c i e s , jug/l^ 
I n o r g a n i c As DMA 
2975 23.34 0.94 0.03 
2976 00.40 1.13 ND 
2977 01.35 1.17 0.03 
2978 02.34 1.17 0.02 
2979 03. 38 1.19 0. 02 
2980 04.34 1.16 0.03 
2981 05. 36 1.11 0. 03 
2982 06.35 1.21 ND 
2983 07.36 1.17 0.03 
2984 08.35 1.08 0.02 
2985 09.38 0.92 ND 
2986 10.34 0.93 0. 02 
NOTES 
5 No MMA d e t e c t e d i n t h i s survey 
A18 
APPENDIX A.2.6.b: D i s s o l v e d a r s e n i c s p e c i e s i n t h e Humber Plume 
CH65, May 1990. 
CTD samples nominally a t a depth of 12m. 
CTD Concent r a t i o n of As S p e c i e s , Mg/l^ 
S t a t i o n s I n o r g a n i c As DMA 
3000 1.39 0.04 
3001 1.34 0.05 
3002 1.17 0.05 
3004 1.50 ND 
3008 1,28 0.04 
3018 1.34 ND 
3019 1.69 ND 
3020 1.27 0.07 
3021 1.23 0.07;0.08 
3022 1.86 0.06 
3023 1.72;1.74 0.06 
3024 1.01 0.08 
3025 1.04 0.06 
3025 ( B ) * 1.17 0.06 
3026 1.15 0,04 
3027 1.16 0.05 
3030 1.23 0.07 
3037 1.15 0.06 
3037 ( B ) * 1.24 0.05 
3045 1.18 0.02 
3048 1.28 0.06 
3049 1.26 0.04 
3050 1.44 0.06 
NOTES 
5 No MMA d e t e c t e d i n t h i s survey. 
* No depths recorded on s h i p log; sediment r e s u s p e n s i o n observed 
B=Bottom sample. 
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APPENDIX A,2.6.b: D i s s o l v e d a r s e n i c s p e c i e s i n t h e Humber Plume 
CH65, May 1990. 
Pumped samples nominally a t the water s u r f a c e 
CTD Con c e n t r a t i o n s of As S p e c i e s , Mg/1^ 
S t a t i o n s I n o r g a n i c As DMA 
P201 1.27 0.04 
P202 0.94 0.03 
P203 1.37 0.03 
P204 1.20 ND 
P205 1.35 ND 
P206 1.42 0. 02 
P207 1.42 0.03 
P208 1.27 0.04 
P209 1.44 ND 
P210 1.51 0.07 
P211 1.22 0.03 
P212 1.35 0.03 
P213 1.37 0.02 
P214 1.34 ND 
P215 1.31 0.03 
P216 1.28 0.04 
P223 1.40 0.02 
P224 0.89 0.04;0.04 
P225 0.72 0.04 
P226 1.29 0.05 
P227 1.34 0.06 
P228 1.96 0.04 
P229 2.73 0.02 
P230 3.52 0.02 
NOTES 
5 No MMA d e t e c t e d i n t h i s survey 
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APPENDIX A.2.6-C: D i s s o l v e d and p a r t i c u l a t e a r s e n i c and 
a s s o c i a t e d K^s. CH65, May 1990. 
Pumped samples nominally a t t h e water s u r f a c e 
and CTD samples nominally a t a depth of 12m. 
Sample 
D i s s o l v e d 
A r s e n i c 
^*g/i 
P a r t i c u l a t e 
A r s e n i c 
Mg/g 
P203 1.37 17.9 13.1 X 10^ 
P223 1.40 56.8 40.6 X 10^ 
P224 0.89 69.3 77.9 X 10^ 
P225 0.72 67.9 94.3 X 10^ 
P226 1.29 44 .9 34.8 X 10^ 
P227 1.34 48.4 36.1 X 10^ 
P228 1.96 49.3 25.1 X 10^ 
P229 2.73 46.1 16.9 X 10^ 
P230 3.52 76.4 21.7 X 10^ 
2975 0.94 42.9 45.6 X 10^ 
2979 1.19 35.0 29.4 X 10^ 
2985 0.92 33.7 36.6 X 10^ 
3021 1.23 2.6 2.1 X 10^ 
3048 1.28 7.4 5.8 X 10^ 
NOTES 
* Kjj d i m e n s i o n l e s s assuming I g i s equal t o 1ml 
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APPENDIX A.2.6.d: S i l v e r P i t , Core from Box 5, P r o f i l e 1. Porewater a r s e n i c and a d d i t i o n a l data 
CH65, May 1990. 
Depth 
cm 
Redox 
mv 
Di s s o l v e d Metal Cones., ixq/l Phosphate Cones. 
/iM As MMA Mn 
1 317 1.1 0.6 171.0 1.32 
2 150 5.7 0.8 1683.0 3.06 
3 123 10.4 2.6 930.0 2.40 
4 102 10.3 0.8 3419.0 2.88 
5 113 5.8 1.2 3183.0 5.44 
6 101 22.3 20.1 1592.0 3.10 
7 106 13.3 71.9 639.0 5.70 
8 81 2.0 3.9 2467.0 3.70 
9 60 4.5 7.6 2389.0 3.04 
10 48 19.1 7.5 1511.0 4.24 
> 
APPENDIX A.2.6.e South E a s t G r i d (Mud S i t e ) , Core 12A, P r o f i l e 2. Porewater a r s e n i c and a d d i t i o n a l data 
CH65, May 1990. 
Di s s o l v e d Metal Cones., ^g/1 Nutri e n t C ones., /xM 
Depth 
cm 
Redox 
mv As Mn PO4 NH4 
1 402 0.9 60.0 1.13 9.66 
2 288 2.0 2552.0 1.34 36.53 
3 212 1.0 815.0 1.47 34.11 
4 182 0.8 1243.0 2.55 42.11 
5 165 5.3 4533.0 3.43 51.62 
6 153 13.9 11837.0 1.69 53.81 
7 150 12.1 11700.0 1.38 53.74 
8 142 6.0 11730.0 1.23 53.13 
9 134 10.7 5540.0 1.47 53.66 
10 110 4.1 9040.0 2.14 53.66 
> 
to 
APPKNDTX A.2.6.fi Wash, Core from Box 7, P r o f i l e 3. Porewater a r s e n i c and a d d i t i o n a l data 
CH65, May 1990. 
Di s s o l v e d Metal Cones., ^q/l N u t r i e n t s Co ncs., 
Depth 
cm 
Redox 
mv As Mn PO4 NH4 
1 464 1.1 11.0 0.50 1.61 
2 442 3.1 214.0 0.70 0,91 
3 396 0.2 243,0 1,08 0.35 
4 166 5.1 608.0 1.34 2.04 
5 104 10.4 883.0 1.88 20.80 
6 68 6.5 1085.0 1.94 18.11 
7 47 8.5 1594.0 7.28 22.04 
8 41 2.7 866.0 1.58 8.98 
9 35 6.5 1270.0 2.56 21.26 
10 35 10.3 1492.0 3.48 27,58 
APPENDIX A.2.6.q: North Resuspension S i t e , Core lOB, P r o f i l e 4. Porewater a r s e n i c and a d d i t i o n a l data 
CH65, May 1990. 
Depth 
cm 
Redox 
mv 
Di s s o l v e d Metal Cones., y^q/l N u t r i e n t C ones., /iM 
As Mn PO4 NH4 
1 420 0.7 198.0 0.54 2.26 
2 406 5.6 6488.0 1.62 45.96 
3 390 2.4 2408.0 2.12 34.57 
4 346 2.7 1285.0 2.10 25.59 
5 205 4.7 6628.0 10.07 52.15 
6 160 10.8 7913.0 5.68 48.45 
7 122 5.0 2568.0 4.29 49.21 
8 97 8.1 1699.0 3.34 47.85 
9 70 1690.0 2.90 46.19 
10 58 1641.0 3.09 48.60 
> 
to 
APPENDIX A,2.7.a: D i s s o l v e d a r s e n i c s p e c i e s a t the Humber Anchor 
S t a t i o n . CH69, August 1990. 
CTD samples nominally from a depth of 12m. 
CTD Time Con c e n t r a t i o n of As S p e c i e s , Mg/1 
S t a t i o n GMT In o r g . As MMA DMA 
3492 09.35 1.28 0.07 0.15 
3493 10.35 1.32 0.07 0. 12 
3494 11.35 1.48 0.08 0.16 
3495 12.35 1.46 0.08 0. 15 
3496 13,35 1.42 0.06 0.15 
3497 14.34 1.41 0,04 0. 06 
3498 15.33 1.46 0.05 0.23 
3499 16.31 1.44 0.07 0. 18 
3500 17.35 1.46 0.07 0.11 
3501 18.34 1.46 0.03 0. 12 
3502 19.34 1.33 0,08 0. 11 
3503 20.36 1.24 0.07 0.13 
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APPENDIX A.2.7.b: D i s s o l v e d a r s e n i c s p e c i e s i n t h e Humber 
Plume. CH69, August 1990. 
Pumped samples nominally from t h e water 
s u r f a c e and CTD samples n o m i n a l l y from a 
depth of 12m. 
CTD Concent r a t i o n of As S p e c i e s , 
S t a t i o n s I n o r g a n i c As MMA DMA 
P312 0.99 0.06 0.58 
P314 1.31 0.04 0.22 
P316 1.07 0.03 0.17 
P317 1.02 0.04 0.27 
P318 1.32 0.03 0.26 
P319 1.38 0.04 0.26 
P323 1.31 0.07 0.19 
P325 1.14 0.04 0.21 
P326 0.93 0.04 0.22 
P327 1.29 0.05 0.19 
P329 1.26 0.06 0.30 
P331 1.41 0.08 0.27 
P333 1.21 0.04 0.18 
P335 1.39 0.06 0.20 
P337 1.18 0.02 0. 15 
P340 1.14 0.03 0.12 
P341 1. 17 0.06 0.15 
P343 1.26 0.04 0.15 
P345 1.05 0.03 0.27 
P347 0.98 0.05 0.21 
P356 1.13 0.07 0.30 
P359 1.51 0.08 0.21 
P361 1.08 0.05 0. 18 
P363 1.09 0.05 0.22 
P366 1.X6 0.04 0.18 
P368 1.08 0.05 0.18 
3481 0.89 0.06 0.22 
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APPENDIX A.2.7.C: D i s s o l v e d a r s e n i c s p e c i e s i n the Thames Plume 
CH69, August 1990. 
Pumped samples nominally from the water 
s u r f a c e . 
CTD 
S t a t i o n 
C o n c e n t r a t i o n of As S p e c i e s , Mg/1 
I n o r g a n i c As MMA DMA 
P301 1.21 0.04 0.83 
P302 1.38 0.06 0.20 
P303 1.59 0.08 0.20 
P304 2.25 0. 13 0.15 
P305 3.73 ND ND 
P306 4.31 ND 0.08 
P307 2.82 ND ND 
P308 1.50 ND ND 
P309 1.37 0.06 0.20 
P310 1.47 0.06 0. 18 
P311 1. 55 0.07 0.13 
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APPENDIX A.2.7.d: D i s s o l v e d and suspended p a r t i c u l a t e a r s e n i c and 
• a s s o c i a t e d K^s. CH69, August 1990. 
Pumped samples taken from the water s u r f a c e and 
CTD samples from a nominal depth of 12m. 
Sample'*' 
D i s s o l v e d 
A r s e n i c 
P a r t i c u l a t e 
A r s e n i c 
P301(T) 1.21 34.4 28.4 X 10^ 
P304(T) 2.25 4.6 2.0 X 10^ 
P306(T) 4.31 3.7 0.9 X 10^ 
P311(T) 1.55 5.5 3.5 X 10^ 
P312(H) 0.99 25.0 25.3 X 10^ 
P316(H) 1.07 18.2 17.0 X 10^ 
P323(H) 1.31 10.9 8.3 X 10^ 
P327(H) 1.29 4.1 3.2 X 10^ 
P331(H) 1.41 3.0 2.1 X 10^ 
P343(H) 1.26 
3481(H) 0.89 12.0 13.4 X 10^ 
3492(H) 1.28 60.7 47.4 X 10^ 
3494(H) 1.48 26.2 17.7 X 10^ 
3498(H) 1.46 27.0 18.5 X 10^ 
NOTES 
* KD d i m e n s i o n l e s s assuming i g i s equal t o 1ml. 
+ (T) - Sample from Thames; (H) - Sample from Humber. 
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APPENDIX A.2.7.e: S i l v e r P i t , Core from Box 12, P r o f i l e 5. Porewater a r s e n i c and a d d i t i o n a l data. 
CH69, August 1990. 
Depth 
cm 
Redox 
mv 
Di s s o l v e d Metal Cones., /ig/1 N u t r i e n t s Cones ., MM 
As MMA DMA Mn PO4 Si02 NH4 
1 371 6.3 0.11 0.16 34.0 1.91 17.50 9.60 
2 363 7.4 0.07 0.14 42.0 2.87 46.60 18.73 
3 315 9.8 0.16 0.31 291.0 3.50 90.90 33.19 
4 223 8.3 0.16 0.24 283.0 2.80 64.10 26.81 
5 137 8.1 0.09 0.17 316.0 4.08 88.50 33.56 
6 107 10.4 0.16 0.24 416.0 4.20 121.20 37.47 
7 77 12.0 0.22 0.26 552.0 4.14 100.20 35.62 
8 71 12.5 0.16 0.23 718.0 8.15 149.70 39.21 
9 _ _ _ 6.9 0.12 0.17 519.0 5.54 134.00 39.16 
10 11.0 0.08 0.17 536.0 3.82 138.60 37.99 
> 
o 
APPENDIX A.2.7.f: Humber Mouth, Core from Box 11, P r o f i l e 6. Porewater a r s e n i c and a d d i t i o n a l data 
CH69, August 1990. 
Depth 
cm 
Redox 
mv 
Diss o l v e d Metal Cones., Mg/i N u t r i e n t s Cones., /xM 
As MMA DMA Mn SiOj NH4 
1 402 0.5 0.04 0.14 201.0 2.93 9.3 26.86 
2 328 2.1 0.06 0.15 1058.0 3.13 28.40 41.95 
3 300 1.1 0.09 0.20 2079.0 3.38 35.00 44.54 
4 230 2.6 0.09 0.18 7900.0 3.44 67.00 47.97 
5 218 4.5 8823.0 3.19 69.00 47.92 
6 193 28.4 7266.0 17.45 107.80 47.99 
7 137 22.9 0.11 9843.0 17.96 110.70 48.34 
8 39 13.6 0.08 0.13 9000.0 3.50 82.70 48.02 
9 50 3.8 0.06 0.07 10460.0 5.22 89.70 48.29 
10 57 7.1 0.09 0.13 10420.0 2.93 81.90 48.34 
> 
APPENDIX A.2.7.q: Wash, Core from Box 7, P r o f i l e 7. Porewater a r s e n i c and a d d i t i o n a l data 
CH69, August 1990. 
Depth 
cm 
Redox 
mv 
D i s s o l v e d Metal Cones., tig/I N u t r i e n t s Cones w MM 
As MMA DMA Mn PO4 SiOj NH4 
1 416 4.2 0.13 0.20 190.0 1.83 13.18 21.77 
2 154 6.9 0.21 0.18 6213.0 2.60 47.96 38.06 
3 173 15.6 0.14 0.13 5678.0 7.78 67.73 44.89 
4 216 15.6 0.27 0.33 5355.0 8.68 88.86 45.09 
5 142 14.6 0.24 0.22 2652.0 21.05 65.91 44.69 
6 101 12.6 0.33 0.69 2343.0 15.85 94.77 44.00 
7 63 18 a 7 0.65 0.60 3912.0 17.78 95.68 44.40 
8 -92 13.5 0.28 0.32 888.0 6.55 51.59 43.14 
9 -26 16.2 0.16 0.16 1174.0 11.25 86.36 41.26 
10 -20 10.9 0.09 0.10 342.0 11.48 69.32 55.83 
> 
to 
nr.^^ fT-om nnv 4 P r o f i l e 8. Porewater a r s e n i c and a d d i t i o n a l data APPFMHTX A.2,7.h North Resuspension S i t e , Core from Box 4, P r o t i i e 
CH69, August 1990. 
i e n t Cones Nutr D i s s o l v e d Metal Cones., nq/l 
Depth 
cm 5.79 5.92 0.31 112.0 0.20 0.06 
18.16 35.08 1.57 239.0 0.19 0.06 
35.05 49.20 2.60 1798.0 0.24 0.09 
24.11 36.67 1.78 509.0 0.24 0.08 
27.58 58.09 2.43 2179.0 0.13 0.06 
34.58 70.04 9.35 2476.0 0.12 16.0 41.42 125.06 25.37 3182.0 0.38 29.4 41.47 90.21 17.79 3472.0 0.29 0.13 
36.26 105.70 
149.89 
9.25 3417.0 0.21 0.13 
38.58 11.73 4798.0 12.4 
